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Clinical needs in meniscal injuries have led to the search for a 
tissue-engineered biometric scaffold that can replace damaged meniscus, both 
anatomically and functionally. Existing scaffolding technologies have yet to 
yield sustained, reliable long-term results due to the inability to produce the 
complex natural meniscal internal structure. Electrohydrodynamic-based 
printing technologies have attracted significant interest for tissue engineering 
applications due to their high resolution, efficiency and relatively easy setup. 
In this study, an improved solvent-based electrohydrodynamic jet printing 
(E-jetting) technique was developed to create oriented, high-resolution 
polycaprolactone (PCL) fibers. This is the first time that E-jetting technique 
was employed to build three-dimensional (3D) wedge-shaped meniscal 
scaffolds, with a tailored internal 3D microstructure, replicating the natural 
meniscus. The E-jetting system was capable of generating uniform PCL fibers 
with the desired morphology and diameter via the adjustment of key 
processing parameters of the E-jetting system. This process presents a 
significant advantage by patterning and orienting fibers via an optimal stage 
motion control. Characterization showed that there were no physicochemical 
changes to the PCL caused by the E-jetting process. In terms of a layered 
structure with circumferentially and radially interspersed fibers, 3D 
engineered meniscal scaffolds were successfully fabricated using a PCL 




Mesenchymal stem cells (MSCs) on E-jetted meniscal scaffolds exhibited 
good cellular growth, proliferation, and cellular orientation along the fiber 
direction. E-jetted meniscal scaffolds also promoted chondrogenic 
differentiation, and newly-formed matrices from MSCs significantly 
contributed to the mechanical strength of the scaffolds. Additionally, the 
accelerated hydrolysis degradation of E-jetted meniscal scaffolds was 
evaluated, and changes in weight, morphology, molecular weight, crystallinity 
and mechanical properties of E-jetted meniscal scaffolds during degradation 
were examined, which has the potential for predicting the behavior of 
scaffolds for in-vivo implantation. These results and observations demonstrate 
that this improved E-jetting technique is a novel approach for fabricating 
meniscal scaffolds with biomimetic internal 3D microstructures for meniscus 
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The human knee meniscus is a fibrocartilaginous tissue comprising of two 
semi-lunar pieces that rest on the medial and lateral sides of the tibibal plateau. 
It consists of circumferentially oriented collagen fibers interspersed with radial 
collagen fibers. Owing to its highly specialized structure, the meniscus has 
various important functions such as load distribution, shock absorption and 
stability [1, 2]. Other functions including nutrition of cartilage and joint 
lubricant are also reported [3-5]. 
The disruption in meniscus structure and function are traumatic tears resulting 
from a sudden load or degenerative tears within the overused meniscus. The 
tissue failure is at least in part due to loss of the normal internal microstructure 
of the meniscus. One example would be the circumferential collagen fibers in 
the meniscus that confer the hoop stresses crucial to the function of the 
meniscus as a shock absorber. These forces resist centrifugal stretching out of 
the meniscus, allowing it to maintain its desired position in-vivo even under 
large forces. Once disrupted by injury, the loss of hoop stresses allow the 
meniscus to displace out from its effective position, thus rendering it 
Chapter 1 Introduction 
2 
 
ineffective. Such disruption in meniscus structure and function, if not arrested 
and reversed, run a significant likelihood of subsequent chondral degeneration 
and joint damage, which ultimately leads to osteoarthritis and the possibility of 
knee joint replacement surgery. 
The mainstay of current surgical treatment remains partial or total excision of 
the torn meniscus, which may lead to increased stresses of up to 235 % and 
early degeneration of the keen joint [6]. Another main method is the meniscus 
transplantation with allograft. An allograft is the human tissue provided by a 
donor and inserted into the joint after meniscectomy. This method is expensive 
and being limited by insufficient donor organs, rejection, and pathogen 
transmission [7, 8], and the results are not consistent during the surgery. 
Therefore, the clinical application of allograft is restricted. 
These limitations inspire the scaffold-based tissue engineering approaches. 
Tissue engineering is an interdisciplinary field that brings together the 
principles of engineering, life sciences and medicine, to design and construct 
living, functional components that can be used for the regeneration of 
damaged and/or diseased tissues. It involves mainly the isolation, proliferation 
and differentiation of cells in-vitro, and the design of constructs (scaffolds) 
that are conducive in supporting the growth of expanded cells, into 
three-dimensional (3D) tissues [9]. Tissue-engineered scaffolds have been 
widely utilized as a 3D porous platform for cell proliferation and subsequent 
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tissue formation. It has been widely utilized in various applications such as 
tissue-engineered airways [10-13], tissue-engineered vessels [14-16] and 
artificial skin [17-19], etc. 
The ultimate goal of meniscal tissue engineering is to develop a 
tissue-engineered meniscal construct, which could be applied for clinical 
implementation. There are four basic research issues for meniscal tissue 
engineering including the selection of cells, the type of scaffolds, the need to 
use growth factors and the engineering techniques, among which scaffold is 
one key components of the meniscal tissue engineering. The scaffold serves as 
a mechanical support, provides space for nutrient, and stimulates the 
differentiation of cells into tissues with optimal phenotypes. Particularly in a 
loaded and complex environment of the knee joint, appropriate structure and 
mechanical properties of such a scaffold seem to be the utmost important. 
Towards scaffold fabrication for meniscus regeneration, various tissue 
engineering methods with different materials have emerged including molding 
[20], freeze drying [21], extracellular matrix (ECM) extraction [20, 22], 
electrospinning technology [23, 24], etc. These techniques provide porous 3D 
scaffolds with space for blood and nutrient transfer, to stimulate cell growth 
and proliferation. The materials used are biocompatible natural or synthetic 
materials such as collagen, silk, polycaprolactone (PCL), 
poly(lactic-co-glycolic) acid (PLGA), etc. However, these scaffolds cannot 
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show a good long-term performance due to their poor interconnectivity, low 
resolution of fiber diameter, lack of fiber orientation or inappropriate 
mechanical strength. A more detailed discussion of the meniscus and various 
scaffold-based tissue engineering techniques for meniscus repair will be 
presented in Chapter 2.  
One key factor of adopting meniscal tissue engineering is the replication of the 
specific 3D microstructure of meniscus.  This is particularly important in the 
meniscus, where the ability to carry out the specialized functions is imparted 
by its unique shape and anatomy. Existing scaffolds have yet to yield sustained 
and reliable long-term results since these approaches are unable to replicate 
accurately the 3D microstructure of specific types of meniscus or the 
variations in fibril structure from layer to layer. Thus, a system that can 
accurately produce a tailored internal 3D microstructure with specified 
orientations can potentially solve this problem, and provide a quantum leap in 
the scaffolding technologies. 
 
1.2 Objectives 
The main aim of this study is to develop a novel fabrication apparatus using 
electrohydrodynamic jet printing (E-jetting) technique, which will be the first 
time to be applied to fabricate 3D meniscal scaffolds with oriented fibers. The 
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E-jetting system is capable of generating micrometer-size fibers at room 
temperature and orienting them via an automated stage motion control, thus 
building a 3D engineered meniscal scaffold in terms of layered structure. More 
specifically, the main objectives of this research are: 
1. Development and investigation of the improved E-jetting system with 
high resolution and good controllability of fiber orientation; 
2. Construction of 3D porous meniscal scaffold with controlled features, 
structures and mechanical properties via the E-jetting technique; 
3. Accelerated degradation study of the E-jetted meniscal scaffold, to 
understand how erosive environment influences the scaffold‟s 
properties; and 
4. In-vitro biological study of the E-jetted meniscal scaffold, to evaluate 
the chondrocytes/scaffold interaction and chondrogenesis expression. 
 
1.3 Organization of the Thesis 
Chapter 1 briefly introduces the research background including the meniscal 
injuries, current treatments and limitations of the tissue engineered scaffolds 
fabricated using the traditional techniques. It also introduces the objectives 
and the novelty of this research. 
Chapter 2 is the literature review associated with the objective of this research.  
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Anatomy, function, injuries and traditional clinical treatments of the human 
knee meniscus are introduced and discussed to specify the objectives of this 
research. The current scaffold-based tissue engineering techniques for 
meniscal repair and their limitations are reviewed and discussed subsequently 
to explain the motivation of the development and using of E-jetting technique.  
Details of the E-jetting technique including mechanism, control, advantages, 
applications and potential for meniscal scaffold fabrication are also discussed.  
Chapter 3 focuses on the development of the improved E-jetting system. The 
fine jet formation process, fiber patterning and key processing parameters 
investigation are investigated in this chapter. Chapter 4 elucidates the work of 
the fabrication and characterization of the E-jetted 3D porous scaffold, 
especially the meniscal scaffold with biomimetic fiber orientation. Chapter 5 
focuses on the understanding of the degradation behavior of the E-jetted 
meniscal scaffold and how the erosive environment influences scaffold‟s 
properties. Chapter 6 is the in-vitro study of the E-jetted meniscal scaffold. 
Chondrocytes will be seeded into the scaffolds for chondrogenesis evaluation, 
which include both the quantitative and qualitative analysis of the 
chondrocytes/scaffold interactions and new ECM secretion.  
Chapter 7 gives a conclusion based on the investigations carried out in 
Chapters 3, 4, 5 and 6 and suggestions for future works.  This chapter also 
addresses the limitations of current work and points out the potential research 
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Current surgical and repair methods for complex meniscal injuries and large 
osteochondral lesions often do not give satisfactory long term results.  In this 
work, an improved E-jetting system was developed, which can accurately 
control the fabrication of tissue-engineered scaffolds with tailored internal 3-D 
microstructure, replacing the damaged meniscal part both anatomically and 
functionally. 
The novelty is the capability to control fine fiber patterning, making it feasible 
to create normal fibrillar orientations in engineered meniscal scaffolds that 
would more mimic normal tissue properties and behaviors such as anisotropic 
geometry and mechanical properties in meniscal scaffolds, at room 
temperature and low-cost, which is not found in current scaffold platforms. 
The capability to control fine fiber patterning is one of the advantage of 
E-jetting system when compared to electrospinning and electrospraying 
system. As one specific mode of Electrohydrodynamic (EHD) printing 
technique, the E-jetting technique focuses on the control of EHD jetting and 
patterning, and concentrates the fluid flow in the near-nozzle field. One 
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distinct difference between this e-jet printing set-up and 
electrospinning/electrospraying set-ups is the very close nozzle-to-substrate 
distance, which is approximately 100 µm - 10 mm, while the 
nozzle-to-substrate distance of a typical electrospinning/electrospraying set-up 
is 10 - 30 mm. With appropriate supplied voltage, the jet in-between such 
short nozzle-to-substrate distance could stay stable instead of whipping. The 
formation of the biomimetic meniscal fibrillar scaffolds with tailored internal 
3D microstructure could allow cells to orient and form matrix similar to that 
found in the natural meniscus. Therefore, this study may offer an alternative 
tissue engineering approach in terms of E-jetting system for enhanced 
meniscus repair, and this technique could also be further extended to fabricate 
other fibrous tissues in the human body such as cartilage, tendon, muscle and 
ligament
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CHAPTER 2  
Literature Review  
 
2.1 Meniscus 
2.1.1 Anatomy, Composition, and Structure of Knee Meniscus 
The meniscus is wedge-shaped in its cross-section and is located between the 
articular surfaces of the femur and tibia, as shown in Figure 2-1. There are two 
components: one is the lateral meniscus, and the other is the medial meniscus. 
Both are glossy-white and complex tissues [25]. As a critical component of the 
knee joint, the meniscus has various important functions such as load 
distribution, shock absorption and stability [1, 26]. Other functions have also 
been reported including cartilage nutrition and joint lubrication [3-5]. 
 
Figure 2-1 Schematic diagram of (a) knee joint anterior [27], and (b) lateral 
and medial meniscus [28] 
As shown in Figure 2-2, there are three areas in the human adult meniscus: the 
Chapter 2 Literature Review 
10 
 
red-red region, the red-white region, and the white-white region. The outer 
third peripheral region is the red-red region and has a good supply of blood 
vessels [3, 29]. The inner third is the white-white region and has no blood 
supply [5, 30], and thus tends to be avascular, with nutrition only provided by 
diffusion. The middle-third section is the white-red region and has few blood 
vessels, with nutrition supplied by both blood vessels and diffusion. The 
healing capacity of the meniscus is highly dependent on the blood circulation. 
Thus, permanent injuries and damages often occur in the white-white region.  
 
Figure 2-2 Schematic diagram of cell populations and vascularization in 
meniscus [31] 
Regarding biochemical content, the meniscus is highly hydrated. 
Approximately two-third of the total weight of the meniscus is interstitial fluid, 
and the remaining one-third is composed primarily of extracellular matrix 
(ECM), which contains approximately 75 % collagen (mainly types I and II), 
17 % sulfated glycosaminoglycan (sGAG), 2 % deoxyribonucleic acid (DNA), 
and the remaining components are adhesion glycoproteins, fibroblasts and 
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elastins [32, 33]. There is a great regional variation in collagen types. The 
outer red-red area mainly consists of collagen type I with an approximate 
composition of 80 % by dry weight, while in the inner white-white zone 
consists of 60 % type II and 40 % type I collagen. 
In terms of the internal microstructure of the meniscus, it consists primarily of 
circumferentially oriented collagen fibers interspersed with radial collagen 
fibers [34, 35]. The radially oriented fibers act as cross-linkers that prevent the 
longitudinal splitting of circumferential fibers. The internal microstructure of 
the meniscus is illustrated in Figure 2-3. The meniscus is divided into four 
areas with different organizations of collagen fibers. At the surface, smaller 
collagen fibers with diameter of 35 nm are randomly oriented, and the 
thickness of the superficial layer is only 10 µm. Collagen fibers about 120 nm 
in diameter are found below the superficial network. The fibers lie together 
tightly into wide lamellar bundles with diameter of approximately 20 - 50 µm, 
forming a superficial fibril layer (150 - 200 µm in thickness), and the depth of 
the layer decreases to 20 - 30 µm towards the internal circumference. The 
main portion of the meniscus is composed of 120 nm fibers that form bundles 
of varying thickness and run circumferentially [36]. Dimensions of collagen 
fibers and bundles in different regions are presented in Table 2-1. 




Figure 2-3 Microstructure of meniscus. (a, b, d & e) SEM images showing 
four kinds of arrangement of collagen fibers in the meniscus: surface covered 
by a meshwork of fine fibers (a), collagen fiber bundles arranged in a radial 
direction (b), bundles intersect at various angles (d), and bundles oriented 
circumferentially with radial fibers interspersed; (c) schematic drawing  
reveals three distinct layers with detailed collagen fibers distribution: 
superficial layer, lamellar layer and central main portion [36]  
Table 2-1 Inner structural dimension of meniscus [36] 
 Fiber Diameter Bundle Diameter Layer Depth 
Region a 35 nm ------ 10 µm 
Region b 120 nm 20-50 µm 20-30 µm 
Region c 120 nm 20-50 µm 150-200 µm 
Region d 120 nm ------- ------- 
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2.1.2 Biomechanical Function of Knee Meniscus 
Given its particular structure with circumferential and radial collagen fibers, 
the meniscus presents high anisotropies (i.e. different properties in different 
directions) according to the fiber orientations [37].  Many studies have 
reported on the tensile properties of human meniscus in different directions 
[31, 34, 37-40]. The results of these few studies have been listed in Table 2-2. 
In the circumferential direction, tensile properties of different areas in the 
meniscus ranged between 50 - 300 MPa, while in the radial direction, the 
tensile properties ranged between 3 - 70 MPa. The compression modulus of 
the meniscus is typically in the range of 100 - 150 kPa [41], which is relatively 
lower than that of the articular cartilage (up to 400 kPa) [42]. In other words, 
the meniscus is less stiff than the articular cartilage, suggesting that the 
meniscus is more capable of absorbing shock in the joint. 
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Table 2-2 Tensile properties of human meniscus [31] 
Study Animal Direction Location Stiffness (MPa) 
Fithian  Human Circumferential Lateral 
meniscus: 
 
et al.    Anterior 159.1 ± 47.4 
[34]   Central 228.8 ± 51.4 
   Posterior 294.1 ± 90.4 
   Medial 
meniscus: 
 
   Anterior 159.6 ± 26.2 
   Central 228.8 ± 51.4 
   Posterior 294.1 ± 90.4 
Tissakht Human Circumferential Lateral 
meniscus: 
 
et al.    Anterior 124.58 ± 39.51 
[38]   Central 91.37 ± 23.04 
   Posterior 143.73 ± 38.91 
   Medial 
meniscus: 
  
   Anterior 106.21 ± 77.95 
   Central 77.95 ± 25.09 
   Posterior 82.36 ±22.23 
  Radial Lateral 
meniscus: 
 
   Anterior 48.47 ± 25.67 
   Central 45.86 ± 24.20 
   Posterior 29.85 ± 12.77 
   Medial 
meniscus: 
 
   Anterior 48.31 ± 24.35 
   Central 46.20 ± 27.56 
   Posterior 32.55 ± 11.27 
Lechner Human Circumferential Medial 
meniscus: 
 
et al.    Anterior 141.2 ± 56.7 
[39]   Central 116.4 ± 47.5 
   Posterior 108.4 ± 42.9 
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The meniscus undergoes many different mechanical stresses during daily 
activities because it is concave on its surface and is point-attached to the tibial 
plateau. As shown in Figure 2-4, axial loads (Ffemur) from the femur press on 
the wedge-shaped surface of the meniscus, resulting in a vertical force (Fv) 
and a horizontal force (Fh) on the meniscus. Thus, the compression of the 
meniscus occurs as the tibial reaction force (Ftibia) resists the vertical force (Fv). 
The radial displacement of the meniscus from the joint tends to result from the 
horizontal force (Fh) [43, 44]. However, because of the anchors to the tibial 
plateau with anterior and posterior horns, the horizontal force (Fh) is opposed 
by connected forces (Fant and Fpost). Therefore, the circumferential force (Fcir) 
and radial reaction force (Frad) are generated, resulting in a hoop stress along 
the circumferential fibers for load bearing and transmission [44, 45]. The 
specific structure and biomechanical function of the meniscus makes it 
appropriate to withstand forces, and transit vertical loads from the femur to the 
hoop stress along the circumferential collagen fibers. 




Figure 2-4 Physiologic loading of meniscus [46] 
2.1.3 Meniscal Injuries 
Meniscal tears are reported as the most common intra-articular injuries in the 
knee in the United States, and occur most oftenly in young people aged 
between 20 - 29 years [47, 48]. Meniscal tears will cause pain, swelling and 
even locking of the knee joint. There are two different mechanisms for 
meniscus injuries: traumatic tears and degenerative tears. Sudden load applied 
to meniscus usually results in traumatic tears, and it will ultimately cause the 
meniscal cartilage to fail if the tear is severe enough. Football clipping injuries 
and falls backward onto the heel are common examples of this injury pattern 
[49]. Such injuries are often accompanied by a rupture of the anterior cruciate 
ligament [50]. Conversely, degenerative tears are mostly encountered in older 
population over the age of 40 years due to over-used meniscus, resulting in 
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joint swelling and mechanical blocking [51]. With aging, the inner center of 
the meniscus will progressively dry-out, and the meniscus becomes less elastic 
and less compliant and can tear more easily.  
As discussed in Section 2.1.1, there are three parts to the human adult 
meniscus: the red-red region, the red-white region, and the white-white region. 
The healing capacity of the meniscus is highly dependent on the blood 
circulation. Only the outer-third part (i.e. the red-red region) has a good blood 
vessel supply [3, 29], while the inner two-thirds (i.e. red-white and 
white-white regions) have insufficient blood supply [5, 30]. Thus, cells in the 
inner two-third presente a sparse distribution, and can only obtain their oxygen 
and nutrients from the diffusion of synovial fluids. Hence, tears in the inner 
two-thirds are difficult to heal, and permanent injuries and damages often 
occur in this region.   
2.1.4 Current Treatments and Limitations 
In the past, meniscus of the knee is considered to be the vestigial remnant of a 
muscle, and total meniscectomy was the most common procedure. Although 
some studies [52] observed meniscal tears, they still treated them as normal 
and insisted that the meniscus should be removed. The average annual 
incidence of meniscal injuries in the 1980s as reported was 66 per 100,000 
people, of which 61 led to meniscectomies [53].  Meniscectomies including 
the partial (Figure 2-5a) and total removal of the meniscus, are known to have 
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major adverse consequences now. A partial meniscectomy is usually 
performed when tears are located in the inner one-third part of meniscus, 
preventing further tear propagation and preserving healthy and functional 
tissue preservation [54]. A total meniscectomy is only carried out when tears 
are complicated or no healthy tissue remains. After meniscectomies of 147 
athletes, radiographic deterioration occurred after 4.5 years. After 14.5 years, 
evident degeneration was found in 89 % of these athletes, and 46 % had 
reduced their sporting activities [55]. As shown in Figure 2-6, a total 
meniscectomy could result in a significant increase in stress on the underlying 
articular surface. This stress leads to a reduction in the joint contact surface 
area by around 75 % and an increase in the peak contact pressure up to 235 % 
[6], resulting in an increased risk of knee osteoarthritis.  
An alternative methodology is meniscus refixation [56], which aims to avoid a 
meniscectomy and to preserve as much of the natural meniscus as possible in 
the patient. The torn meniscus is refixed using several sutures for various tear 
patterns (Figure 2-5b). Not all tears can be sutured. As discussed in Section 
2.1.1, the inner two-third of the meniscus has a poor blood supply. Tears in 
this region are difficult to heal due to the spare distribution of cells in the 
region, slow metabolic and limited oxygen and nutrition, which are only from 
diffusion. 




Figure 2-5 Surgical treatments of meniscus injuries: (a) partial meniscectomy 
and (b) suture [57] 
 
Figure 2-6 Resulting stress distributions on the underlying articular surface [6] 
Given these issues, another treatment method is meniscus transplantation with 
an allograft. An allograft is a human tissue provided by a donor and inserted 
into the joint after meniscectomy. Canham et al. [58] described the first animal 
study regarding meniscal allograft transplantation in dogs in 1986, and 
Milachowski et al. [59] reported the first human meniscal allograft 
transplantation in 1987. Following those reports, more studies were conducted 
[60, 61]. However, an allograft is limited due to the poor long-term 
performance. It was reported that cartilage degeneration occurred after 
implantation due to an increasing load distribution with an improper implant 
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size [62, 63]. Thus, there is a great need for a functional repair method for 
meniscal tear treatment. 
 
2.2 Tissue Engineering of Knee Meniscus 
2.2.1 Tissue Engineering 
Meniscus tears are the most common and frequent injuries in orthopedic 
practice, which will ultimately lead to the degeneration of the articular 
cartilage. Current surgical and repair methods for complex meniscal injuries 
do not provide satisfactory long-term results. Moreover, these techniques are 
only effective for meniscal tears located in the vascularized region, while 
meniscal healing in the avascular region is considered a significant challenge. 
An adequate treatment approach has yet to be established. Due to the 
drawbacks of meniscectomies, which emerged in the early 1990s [64], suture 
techniques and tissue engineering are subjects of intensive interest to treat 
meniscal deterioration. 
Tissue engineering is an interdisciplinary field that brings together principles 
of engineering, life sciences, and medicine to design and construct living 
functional components that can be used for the regeneration of damaged or 
diseased tissues. It involves the isolation, proliferation, differentiation of cells 
in vitro, and also the design of constructs (i.e., scaffolds) that are conducive in 
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supporting the growth of expanded cells into 3D tissues in the lab. Tissue 
engineering has been widely utilized in various applications such as 
tissue-engineered airway [10], tissue-engineered vessels [14], and artificial 
skin [17]. Traditionally, tissue grafting and alloplastic/synthetic material 
replacements are the two common forms of tissue repair. However, tissue 
grafting requires a second surgical site and is limited by the amount of 
material, while synthetic materials often poorly integrate with the host tissue 
due to inappropriate mechanical properties and adverse body responses, thus 
leading to failure over time [65]. These limitations could be addressed by 
tissue engineering. 
There are three main tissue engineering approaches to treating diseased or 
injured tissues: cell implantation, scaffolds or tissue-inducing substance 
implantation, and in vitro engineered functional tissues with cells and 
scaffolds [64].  Cell implantation is easy to implement during surgery 
because freshly isolated or cultured cells can be directly implanted to the 
defect site. However, the fixation of injected cells on the defect site and the 
maintenance of proper function are critical problems for cells implantation, 
especially for meniscus under complicated load-bearing conditions. Scaffolds 
or tissue-inducing substance implantation is another tissue engineering 
approach and requires the purification of tissue-inducing molecules and 
supplying the environment with sufficient nutrients and blood. This method is 
not a proper approach for meniscal repair because the meniscus is avascular, 
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especially in adults. The third method, the implantation of functional tissues, 
incorporates living cells into a scaffold that cultivates in vitro to reach a degree 
of both biological and mechanical functions before implantation.   
Figure 2-7 illustrates the process of a classical engineered scaffolding 
approach for meniscus tissue engineering. The design of tissue engineering 
strategies for repair is highly dependent on the function of the natural 
meniscus including anatomical, histological, biochemical and biomechanical 
properties. The cell source/conditions and scaffold-type are critical 
considerations, and improper selections could lead to immune-reactions and 
thus, tissue repair failure. Once selected, the scaffold seeded with living cells 
will be implanted directly into an animal model for in vivo testing or cultivated 
using a bioreactor (providing mechanical and biochemical cell-signaling 
stimuli) to attain some degree of function before implanting into the animal 
model for meniscal repair. Ideally, once implanted, the scaffold should support 
further cell growth, proliferation, permit nutrient transport and waste removal, 
and finally fully degrade until the cells differentiate into the desired tissue with 
proper functions. A 3D scaffold is of utmost importance to provide for the 
differentiation of cells into specific tissues with optimal phenotypes. 
 




Figure 2-7 Schematic diagram of classical scaffold-based approach for 
meniscus tissue engineering [31] 
2.2.2 Scaffolds: Properties, Materials and Fabrication 
A scaffold should support cell and tissue growth for repairing or replacing 
injured tissue. It should be biocompatible, biodegradable, non-toxic, and 
mechanically compatible with the host tissue because the scaffold is in direct 
contact with the living tissues.   
 Physical and biological properties of scaffolds 
As two important factors, physical and biological properties of scaffold are 
critical for meniscal scaffolds which will be used in the highly complex 
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loading environment of the knee. 
Physical properties including porosity, mechanical strength, degradation rate 
and ability to be manufactured, are important attributes for scaffolds. 
Architectural characteristics such as fiber diameter, pore size and porosity of 
the scaffolds, play significant roles in biologics delivery and tissue 
regeneration, which include such aspects as cell seeding, attachment, and 
migration, which in turn, guide cell proliferation, differentiation and tissue 
ingrowth [66-68]. A pore size of 0.8 - 8 μm was reported to allow host cell 
penetration [69], and a minimum pore size of 250 μm was required for 
sufficient vascularization [70]. Scaffolds with a high porosity (> 70 %) and a 
good interconnectivity are often required by various tissue engineering 
applications (e.g. vascular, bone, and meniscus repairs).  
Simultaneously, mechanical properties are also important for a scaffold to 
maintain its shape, to provide mechanical stability to the defect tissue and to 
support engineered tissues [71]. As the support for cells and 
newly-regenerated tissue, scaffolds should have the necessary stability and 
strength until enough host tissue has been regenerated. Yet, scaffolds should 
also be flexible enough to allow for the development of tissue under 
mechanical stimuli. Thus, in tissue engineering, the scaffold is required to 
have both sufficient porosity and mechanical strength to aid in biologics 
delivery and to support tissue regeneration, respectively [70].  
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In addition, scaffolds should have a degradation profile that permits the 
ingrowth of new tissues and that subsequently degrades as the living tissue is 
incorporated [72]. The degradation rate of a scaffold depends on the 
regeneration rate of new tissues. Degradation by-products of the material 
should be non-toxic and removable because they could interfere with the 
tissue and cause inflammation.   
Furthermore, the materials for a scaffold should be easily manufactured into 
different geometries as required for different tissue regeneration purposes [73]. 
For example, cubic-like scaffolds for bone regeneration, tubular-like scaffolds 
for nerve or vascular tissue engineering, and flat scaffolds for skin 
applications.   
Biological properties of scaffold are also important attributes. Biocompatibility, 
which is defined as the ability of a material or device to interact with seeded 
cells to enhance cellular activity, is the primary biological requirement of 
scaffolds for tissue regeneration. All tissue-engineered scaffolds should have 
good biocompatibility to provide a friendly environment for cell attachment, 
proliferation and differentiation. Furthermore, scaffolds should help cells elicit 
proper biological functions for ECM production, be similar to the ECM of the 
tissue to be replaced, and guide cell growth in 3D tissues. 
 Natural and synthetic materials for scaffolds 
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Generally, the design and fabrication of scaffolds is driven by natural and 
synthetic materials. Natural materials can be derived from plant or animal 
source [74] such as collagen, gelatin, fibrin and chitosan, which are used to 
fabricate scaffolds for tissue engineering applications [75-78]. Natural 
materials present good biocompatibility and biodegradability to facilitate cell 
adhesion, proliferation and differentiation. Furthermore, most natural 
polymers can be degraded by naturally occurring enzymes. However, chemical, 
biological and material properties are inconsistent between batches. 
Synthetic materials can be biodegradable or non-degradable. Biodegradable 
synthetic polymers are commonly used for tissue engineering. For example, 
polyurethane (PU), polylactic-co-glycolic acid (PLGA) for cardiac-tissue 
engineering [79, 80], and polycaprolactone (PCL) for bone and skin tissue 
engineering [81]. The advantages of synthetic polymers over natural materials 
are their ability to be modified and shaped to control pore sizes, degradation 
rates, and mechanical and biological properties. However, the degradation 
by-products for some synthetic materials may be toxic. For example, PU will 
degrade into toxic products (i.e. diisocyanate). The degradation of PLGA will 
generate acidic by-products, causing an inflammatory response and damage to 
the local tissue [82]. Researchers have also combined natural and synthetic 
polymers to obtain improved biological and mechanical properties because 
natural materials typically have poor mechanical strength and because 
synthetic polymers do not have biological functions.  
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 Scaffold Fabrication 
In addition to natural scaffolds extracted from animal tissues, 3D polymeric 
scaffolds can be fabricated using a number of fabrication technologies 
including solvent casting, gas foaming, phase separation, freeze drying, and 
3D printing techniques (Table 2-3). 
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Solvent casting is a method used to create continuous polymeric scaffolds [83]. 
Briefly, a polymer is dissolved in an organic solvent, and porogen is added. 
Usually, the solvent is highly toxic. The mixture is shaped with a mold into its 
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final geometry. The solvent evaporates, and porogen is leached out with 
another appropriate solvent to achieve a porous structure. This method allows 
only a limited number of interconnected networks with irregularly shaped 
pores and a low porosity less than 50 %. Solvent casting, in combination with 
salt leaching, is applied to increase the interconnectivity and porosity. 
However, residual particles remain in the polymer matrix [84]. 
For gas foaming, the mixture of polymer and porogen particles is compressed 
into a solid form, and high-pressure carbon dioxide gas is applied and released 
rapidly, causing thermodynamic instability and the initiation of polymer 
foaming [90].  There are no toxic solvents involved in this process. However, 
similar to solvent casting, the resultant interconnectivity of scaffolds is poor 
and is typically applied with the salt leaching method.  
Another way to create a polymeric scaffold is by phase separation, which has 
been described in detail by Ma and Zhang [93]. Briefly, the polymer is 
dissolved in the solvent before undergoing gelation. Phase separation results 
from physical incompatibility, and the solvent phase is then extracted, leaving 
behind the remaining phase. The gel is removed by immersion in distilled 
water, thereby obtaining a porous structure. High interconnectivity and a 
porosity greater than 90 % can be achieved. However, this method is only 
limited to specific polymers such as poly(L-lactide) (PLLA) and PLLA-PCL 
blends [91, 92]. 
Freeze-drying is a process that freeze-dries the emulsion of polymer and 
solvent. In this manner, scaffolds with median pore sizes of 15 - 35 μm and 
larger pore sizes over 200 μm can be achieved [85, 86]. Scaffold porosities are 
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normally greater than 90 %. Compared with the salt leaching-based solvent 
casting and gas foaming, pores of freeze-dried scaffolds are relatively 
irregular.  
All scaffold fabrication methods including solvent casting, gas foaming, phase 
separation and freeze-drying, are user-, material- and technique-sensitive. The 
pore size, porosity and interconnectivity of scaffolds highly dependent on the 
processing methods and equipment. Truly interconnected pore structures with 
controlled pore sizes and architecture have yet to be fabricated.  
Rapid prototyping (RP) technologies, also called Solid Free-Form (SFF) 
fabrication methods, can address the above limitations. RP is a solid free-form 
fabrication technology that uses various additive processes to enable the quick 
fabrication of complex free-form components in a layer-by-layer manner 
[87-89]. RP systems combine liquid, powder and sheet materials to form 
directly 3D components from a computer-aided design (CAD) model. RP 
technologies such as 3D printing, fused deposition modeling (FDM) and 
selective laser sintering (SLS), have been applied to create 3D scaffolds for 
tissue engineering applications [94-96].  The major advantage of RP 
technologies is the machine and computer-controlled process. It allows for the 
architectural CAD modeling of scaffolds with desired pore shapes and sizes, 
porosity and structure, thereby permitting the customized fabrication of 
scaffolds for different types of tissue repair applications. The fabrication of 
Chapter 2 Literature Review 
31 
 
complex geometric and multi-material implants with spatially heterogeneous 
properties is one of the advantages of RP technologies. However, the porosity 
of an RP-fabricated 3D scaffold is usually less than 80 %.  
2.2.3 Tissue-Engineered Scaffolds for Meniscal Repair and Limitations 
In meniscus replacement, scaffold-based meniscal grafts have been the subject 
of intensive interest and research. An ideal meniscal scaffold should mimic the 
structure of the natural meniscus, and it should be biocompatible, 
biodegradable, bioresorbable and mechanically sufficient in the long-term. 
Several scaffolds fabricated using natural or synthetic materials have been 
applied for tissue engineering of meniscal healing and can be categorized into 
four classes: tissue-derived materials, ECM components, synthetic polymers, 





Table 2-4 Tissue-engineered scaffolds for meniscal repair 
Materials Scaffolds Fabrication Technique Advantages Disadvantages 
Tissue-derived 
materials 
Periosteal tissue, intestine 
submucosa [97, 98] 
Whole tissue High geometric fidelity, 
biocompatibility and bioactivity,  
Limited supply, dense 
matrix, or insufficient 
mechanical strength,  
dECM [43] Decellularization of meniscus 
Silk scaffold[99, 100] Salt leaching/freeze drying 
ECECM 
components 
Menaflex collagen meniscal 
scaffold [20] 





PU, PGA, PLLA, PLGA , 
and PCL scaffolds 
[101-103] 
 
Salt leaching, electrospinning, 
etc. 
Ease to fabricate, adapted pore size, 
fiber size, scaffold geometry, 
porosity, and degradation rate, good 
mechanical properties 
Minimal intrinsic 
biomimetic properties, low 
bioactivity, some acid or 
toxic degraded byproducts  
Hydrogels Cell-seeded hydrogel 
meniscal scaffold 
3D printing Hydrophilic, high porosity Insufficient mechanical 




Chapter 2 Literature Review 
33 
 
 Tissue-derived scaffolds 
Tissue-derived materials include processed whole tissues such as periosteal 
tissue [86] and small intestine submucosa (SIS) [98], decellularized tissue or 
ECM [43], and silk scaffold [99]. Tissue-derived materials provide a natural 
environment with good geometric fidelity and bioactivity for cell seeding, 
proliferation and ECM deposition. However, the supply is limited because 
they must be obtained from natural tissue. The resulting mechanics may be 
insufficient, which may compromise the host knee function. Processed whole 
tissue such as SIS, was trimmed to match the approximate size and shape of 
the resected tissue, and implanted into surgically created medial meniscal 
defects in animals [98]. Significant bioactivity of processed whole tissue has 
been reported to induce some tissue regeneration, encouraging the infiltration 
and high viability of cells [104, 105]. However, the regenerated tissue may be 
mechanically insufficient, leading to cartilage degeneration [106]. 
Decellularized ECM (dECM) from the meniscus is an alternate tissue-derived 
scaffold for meniscal scaffold preparation. Minehara et al. [22] adapted a 
solvent-preserved human meniscus as a construct for cell seeding. Meniscus 
was retrieved from cadaveric donors followed by processing through a series 
of treatments such as osmotic treatment, oxidation, and irradiation. Fat tissues 
and cellular materials were also removed, and proteins and immunogenic 
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structures were destroyed using oxidative treatment. To inhibit the growth of 
microbes, viral inactivation was implemented. Finally, dECM scaffold extracts 
from donated human meniscus were isolated (Figure 2-8). This method is 
similar to that of using processed whole tissue: providing a natural 
environment for cells and good bioactivities, but insufficient mechanical 
strength. The histological analyses of this dECM scaffold showed that it was 
mainly fibrous with a dense matrix, which could restrict cell infiltration. 
Recent work has been reported on increasing the porosity of ovine meniscus 
dECM (up to 80 % in the outer meniscus). However, the residual DNA was 
significant and therefore, the compressive properties of the dECM scaffold 
were lower [107]. 
Silk, another type of tissue-derived material, has also been studied as a 
potential material for tissue engineered scaffold due to the biocompatibility, 
slow degradability and relatively better mechanical properties. A multi-layered 
silk scaffold developed by Mandal et al. [99, 100] was porous with three 
individual layers, aiming to mimic natural meniscus architecture (Figure 2-9a). 
The first two layers were fabricated through a salt leaching procedure, with 
circular pores in the range of 500 - 600 µm and 350 - 400 µm for each 
respective layer. The third layer was fabricated using freeze-drying, with pore 
sizes ranging between 60 - 80 µm. The scaffolds were shaped like the natural 
wedge-shaped meniscus. SEM images (Figure 2-9b) also illustrated the 
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structure and interconnections between pores of individual silk layers. 
Confocal images of fibroblast cells seeded on the silk scaffold (Figure 2-9c) 
showed that the third silk layer allowed cells to grow and align within the 
channels. Chondrocytes were seeded onto the silk scaffold for 28 days and 
showed an increased production of sGAGs and a colonization of ECM similar 
to natural tissue. This silk scaffold attempted to achieve architectural control 
with three individual layers to mimic the structure of the natural meniscus. 
Compared with SIS and dECM, this multi-layered scaffold is highly porous 
with a larger pore size and better interconnectivity. However, pores are 
irregular, and fiber orientations found in natural meniscus have not been 
achieved.  
 
Figure 2-8 dECM from human cadaveric meniscus. (a) Preserved meniscus, (b) 
hematoxylin and eosin stained section of preserved meniscus, (c) and (d) 
FESEM image of fibrous meniscus structure [22] 
 




Figure 2-9 Multilayered silk scaffolds for meniscus engineering. (a) Snapshots 
of silk scaffolds with three individual layers, (b) SEM images and (c) 
Confocal images of different layers with confluent cells [99] 
 ECM component scaffolds 
Isolated ECM components, for example, collagens, proteoglycans and elastin 
molecules, can be extracted and processed into scaffolds for tissue engineering 
applications. The most popular ECM component used in scaffolds for 
meniscal tissue engineering is the Menaflex collagen meniscal scaffold (Regen 
Biologics Inc., Hackensack, New Jersey, USA; Figure 2-10). The component 
is fabricated by the pressure heat molding of bovine Achilles tendon into a 
meniscus shape. Despite lacking a fiber architecture, this collagen scaffold had 
been shown to be fully biocompatible. Once implanted as approximately 75 % 
of the missing meniscal tissue, it grew into the tissue [20]. Cells were 
Chapter 2 Literature Review 
37 
 
observed to augment the repair process with fibrocartilaginous tissues similar 
to that of the normal meniscus. However, the significant limitations of these 
ECM component scaffolds are their poor mechanical properties. It was 
reported that once this collagen scaffold was implanted into knee joints of 
meniscectomy patients, degradation, shrinkage and shape incongruence were 
significant problems [108]. Moreover, the shape of the Menaflex collagen 
meniscal scaffold could not be varied. 
 
Figure 2-10 The menaflex collagen meniscal scaffold [20] 
 Synthetic polymer scaffolds 
Another option is to use synthetic polymer-based scaffolds. Synthetic 
polymers such as polyurethane (PU), polyglycolic acid (PGA), polylactic 
co-glycolic acid (PLGA), and polycaprolactone (PCL), have attracted the 
attention of researchers due to several advantages including ease of fabrication, 
adapted pore size, fiber size, scaffold geometry, porosity, degradation rate, and 
good mechanical strength over natural materials. The most popular synthetic 
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polymer-based meniscal scaffold is the Actifit™ scaffold (Orteq, London, UK; 
Figure 2-11) [101]. The Actifit™ scaffold is a porous biodegradable PU 
scaffold that permits the ingrowth of new meniscal tissue. Viable living 
“meniscus-like” tissue was demonstrated at 2 years after implantation in a dog 
(Figure 2-11c). Both fibrous tissue containing type I collagen (green areas) 
and fibrocartilage-like tissue containing proteoglycans and mainly type II 
collagen (red areas) were observed. Observations of long-term outcomes have 
yet to be reported. 
Several other synthetic polymer-based scaffolds have also been fabricated for 
meniscus tissue engineering. Stewart et al. [109] used PGA scaffolds seeded 
with ovine meniscal chondrocytes and growth factors. It was found that the 
amount of collagen type I increased, whereas the amount of collagen type II 
decreased at day 39 in the constructs. Another method used PLLA scaffolds 
with meniscus cells and growth factors also showed the subsequent presence 
of collagen and GAG [110].  
Bioactivity is a major weakness of synthetic polymers. Therefore, many 
studies have focused on the exploration of synthetic scaffolds as acellular 
meniscus prostheses to provide mechanical functionality [111, 112].  Another 
limitation of synthetic polymers is that the degradation by-products as some 
synthetic materials may be toxic. For example, PU degrades into toxic 
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products (e.g. diisocyanate), and the degradation of PLGA generates acidic 
byproducts, causing an inflammatory response and damage to the local tissue 
[82].  
 
Figure 2-11 PU meniscus implant. (a) Medial and lateral Actifit
TM
, (b) SEM 
image of the porous structure of Actifit
TM
, and (c) Light micrograph of the 
posterior part of an Actifit™ implant after 24 months implantation. White 
areas: polymer; green: fibrous tissue; red: fibrocartilage-like tissue [101] 
 Hydrogel scaffolds 
Hydrogels are hydrophilic colloids constructed of a network of cross-linked 
natural or synthetic polymers chains and have the capability to retain large 
amounts of water. The high porosity of hydrogels allows the diffusion of cells 
during migration and the transfer of nutrients and waste products away from 
cellular membranes. A cell-seeded hydrogel scaffold (Figure 2-12) with a 
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crescent-shaped meniscus has been fabricated using a custom-built robotic 3D 
printing platform and gel deposition tools [113]. The incorporation of 3D 
printing technology enabled the fabrication of geometrically complex and 
multiple-material hydrogel meniscal scaffolds. The cell distribution was 
observed to be homogeneous, and viability appeared to be spatially uniform. 
However, the physical properties of hydrogels are largely influenced by their 
water content (> 90 %). Therefore, the mechanical properties of hydrogels are 
usually insufficient, which is the major limiting factor of hydrogels. Although 
mechanical strength could potentially be modulated by increasing the degree 
of cross-linking in hydrogels, cytotoxicity and cellular metabolism have been 
shown to be affected by some cross-linking methods [114, 115].   
 
Figure 2-12 Printed hydrogel scaffold for meniscal tissue engineering (a) 
Snapshot hydrogel scaffold , and Confocal images of (b) hydrogel scaffold and 
(c) control group with cells [113] 
To develop a successful tissue engineered meniscus, the most important factor 
to consider is the ability to mimic the complex internal architecture of the 
natural meniscus. In this regard, none of the reported approaches have 
successfully recapitulated the complex natural internal structure of the 
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meniscus. However, some researchers have insisted that the development of a 
bio-mimetic natural meniscus biodegradable scaffold seeded with natural cells 
is promising for the production of fibrocartilaginous ECM [116-118].  
 
2.3 Electrohydrodynamic (EHD) Printing Technology 
2.3.1 Overview of EHD Printing Technique for Tissue Engineering 
Electrohydrodynamic (EHD) refers to the field that combines fluid mechanics 
and electrodynamics and is the basis of EHD printing technology, which has 
attracted intense interest due to its capacity for high resolution and high 
throughput production and easy set-up. Briefly, the EHD printing set-up 
consists of a nozzle or needle connected to a high voltage supply and a 
grounded collector (Figure 2-13). Functional materials in suspension, solution 
or melted form are fed to the nozzle at a controlled flow rate. With the 
assistance of an electric field between the nozzle and collector, the material in 
the nozzle is charged and stretched. There are two stages involved in an EHD 
process. The first stage refers to the Taylor cone formation at the apex of a 
conical meniscus, and the liquid is stretched by electrostatic forces, according 
to the critical strength of the electric field for dripping, spinning and spraying 
(Figure 2-13). In the second stage, the liquid is deposited on the collector. The 
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jet-generated droplets are classified by geometries of different modes: 
electrohydrodynamic jet patterning, electrospinning and electrospray [119, 
120].  
  
Figure 2-13 Schematic diagram of EHD printing setup with different mode of 
material dispensing 
EHD printing technology has been applied in various industrial and scientific 
applications such as micro-pattern printing [120, 121], polymeric mats and 
scaffolds fabrication for bioengineering applications [122-124], and 
encapsulation for drug delivery [125]. The most commonly used EHD printing 
process for tissue-engineered scaffolding applications is electrospinning 
technology, which received significant attention in the 1900s. Due to its ability 
to produce continuous fibers with diameters nano scales, EHD printing has 
been used to fabricate tissue engineered scaffolds [126-128]. Recent reviews 
on electrospinning have provided a comprehensive foundation for this 
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technology and highlighted its numerous potential applications [127, 129, 130]. 
With the assistance of an electric field between the nozzle and collector 
(Figure 2-14), liquid in the nozzle is charged and stretched. Subsequently, the 
charged liquid jet is bent by an applied electrical force and randomly deposited 
onto the collector. This is a consequence of using a higher concentration of 
polymer solution than what is used in electrospraying. With time, fibers 
accumulate on the grounded collector and a mesh is formed. The resultant 
micrometer or nanometer fibers are typically disordered, and pore sizes are 
less than 20 μm [131]. Nanofiber features in the mesh such as fiber diameter 
and its uniformity, can be tuned by adjusting several controllable processing 
parameters [128, 132, 133]. These parameters can be divided into three classes: 
solution properties (i.e. solvent type, composition, concentration of the 
solution, and molecular weight of the polymer) [134, 135], processing 
conditions (i.e. feed rate, voltage, and nozzle-to-substrate distance) [136, 137], 
and ambient conditions (i.e. temperature and humidity) [137].  
Both natural and synthetic polymers have been electrospun into micro and 
nano fibers. These polymers include but are not limited to collagen, chitosan, 
elastin, silk fibroin, PU, PCL, PGA, PLA, and PLGA [138-144]. Moreover, 
liquid blends of natural bio-synthetic materials have also been electrospun to 
produce fibrous meshes with enhanced bioactivity, mechanical properties and 
increased feasibility for fabrication [145]. By optimizing parameters for each 
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material or blend, electrospun fibers can be generated to meet the criteria of 
intended tissue engineering applications. For example, electrospun PLGA/ 
hydroxyapatite scaffolds for bone regeneration [146], PCL and type I collagen 
scaffolds for cartilage regeneration [147, 148], and synthetic polymer blended 
with collagen and elastin for vascular tissue engineering [145]. 
 
Figure 2-14 Electrospinning process and produced fibrous mat. (a) Schematic 
diagram of typical electrsopinning process, and (b) electrospun fibrous mats 
with random nanofibers and cultured with stem celss [103] 
2.3.2 Inducing Anisotropy in Fibrous Scaffolds 
Scaffolds play an important role in guiding cell adhesion and proliferation, and 
in maintaining the normal phenotype of tissues. The cellular orientation was 
reported to be significantly influenced by the structure and dimension of 
scaffolds [137]. Current scaffold fabrication techniques such as particle 
leaching [138], gas foaming [76, 139] and phase separation [140], have been 
shown to be successful in fabricating 3D porous scaffolds, but these 
techniques have limited capability due to their poor control of inner structures. 
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Solid freeform fabrication methods including 3D printing, fused deposition 
modeling and precision extrusion deposition [141], are able to fabricate 3D 
scaffolds with controlled pore sizes via layer-by-layer processes. However, 
their applications are restricted by their low structural resolution. 
Electrospun fibers have attracted significant interest in tissue engineering 
applications because of their high resolution, which could potentially 
reproduce the nanotopographical elements in the ECM of tissues [142]. 
However, the resultant micrometer/nanometer fibers are usually disordered, 
and pore sizes are less than 20 μm [119]. Stem cells have been observed to 
attach and spread preferentially on the surface of fibers rather than within the 
mesh (Figure 2-14b). Additionally, electrospun meshes are in non-woven 
forms that can only be used for a relatively limited number of applications 
such as filtration [143] and wound dressing [144]. Continuous single fibers or 
uni-axial ﬁber bundles are required for extended applications such as use in 
tendon, muscle, cartilage, and meniscus replacement, in which the collagen 
fibers are organized in a particular fashion, either parallel or perpendicular to 
the surface of the tissue [145, 146]. The fiber arrangement will significantly 
affect the performance of an engineering device. In fact, ordered nano-grooves 
and assemblies have been shown to influence cell proliferation and 
morphology [147]. 
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To achieve aligned electrospun fibers, a number of studies have made efforts 
to modify the electrospinning process through the use of a dynamic collector. 
Various types of electrospinning set-ups with different dynamic collectors 
have been developed (and were recently reviewed by Teo and Ramakrishna 
[115]) including the disc collector [147, 148],  rotating drum/mandrel [126, 
149],  rotating drum with wire [128], rotating tube with knife-edge electrodes 
[150], and other setups [151, 152]. One of the first instance of aligned 
electrospun fibers was demonstrated by Theron et al. [147] using a rotating 
disc to collect fibers on a thin edge (Figure 2-15a). Biodegradable nanofibrous 
scaffolds with aligned poly(l-lactic-co-e-caprolactone) [P(LLA-CL)] 
copolymer was produced using this electrospinning setup for blood vessel 
engineering application (Figure 2-15b). Compared with human coronary artery 
smooth muscle cells (SMCs) cultured on tissue culture polystyrene (Figure 
2-15c), cells cultured on aligned nanofiber scaffolds were shown to attach and 
migrate along the axis of aligned nanofibers, and the distribution and 
organization of smooth muscle cytoskeleton proteins inside SMCs were 
parallel to the direction of nanofibers (Figure 2-15d). However, this 
electrospinning setup is limited in its throughput due to the small area of the 
fiber alignment. The most common method for electrospun aligned fibers for 
tissue engineering scaffold fabrication is to collect fibers using a rotating 
drum/mandrel (Figure 2-16a). Baker et al. [153] also applied this 
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electrospinning setup to fabricate aligned fibrous scaffold for meniscus tissue 
engineering. As shown in Figure 2-16, an electrospun mat aligned a majority 
of fibers in one direction, and cells were observed to attach along the 
prevailing fiber direction. Meniscal constructs with 3D wedge shapes were 
fabricated via lamellar folding and the spot-welding of a 2D electrospun mesh; 
fibers mostly aligned in a circumferential direction. 
  
Figure 2-15 Aligned electrospun scaffold for blood vessel engineering. (a) 
Schematic diagram of the electrospinning setup with a disk collector, (b) SEM 
images of aligned P(LLA-CL) scaffold, (c) LSCM micrographs of 
immunostained  -actin filaments in SMCs after 1 day of culture on tissue 
culture polystyrene, and (d) on electrospun aligned scaffolds [147]  
 




Figure 2-16 Electrospun scaffolds for meniscus tissue engineering. (a) 
Schematic diagram electrospinning setup with rotating shaft, (b) fiber aligned 
nanofibrous mesh, (c) morphological appearance of human MFCs on 
fiber-aligned nanofibrous scaffolds, and (d) meniscal constructs with 3D 
wedge shape and fiber alignment in circumferential direction via lamellar 
folding and spot-welding of 2D mesh. Scale bar: 50 µm [90] 
Although the precise control of each fiber orientation is not achieved by the 
described electrospinning setups, structural anisotropy is reflected in the 
measured mechanical properties. Scaffolds with highly aligned fibers usually 
possess a greater level of mechanical anisotropy [151], which is expected for 
meniscus tissue engineering. Moreover, another significant drawback of 
electrospun meshes and scaffolds is the limited pore size, which results in a 
slow rate of cell propagation. As reported in most in vitro studies, attached 
cells only formed single layers at the top of the electrospun scaffolds; little 
evidence suggests that cells can penetrate into the depths of scaffolds because 
the pore sizes are relatively small compared with the size of cells [154].  
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2.3.3 Proposed EHD Jet Printing (E-Jetting) Technique for Meniscal 
Scaffold Fabrication 
As reviewed in Section 2.3.2, although the electrospinning process possesses 
remarkable features of EHD technology such as high resolution, efficiency 
and easy set-up, it is still limited for ideal 3D scaffolds fabrication due to its 
inability to control the fiber orientation and pore sizes. Thus, the successful 
generation of stable and uniform EHD jets is critical for better repeatability 
and reproducibility of mono-dispersed fibers. 
In addition to electrospinning and electrospraying, another mode of EHD 
printing technique is EHD jet printing (E-jetting), which focuses on the control 
of EHD jet and patterning and concentrates the fluid flow in the near nozzle 
field. Several recent studies based on E-jetting [120, 149-152] highlight 
advantages of this technique and demonstrate preliminary attempts to control 
its printing performance including resolution and patterning. An e-jet printer 
(Figure 2-17a) developed by Park et al. [120] has a similar set-up as that of a 
typical electrospinning/electrospraying device, consisting of a nozzle, the 
substrate, a liquid supply and a high voltage supply. However, one distinct 
difference between this e-jet printing set-up and 
electrospinning/electrospraying set-ups is the very close nozzle-to-substrate 
distance, which is approximately 100 µm (Figure 2-17b), while the 
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nozzle-to-substrate distance of a typical electrospinning/electrospraying set-up 
is 10 - 30 mm [153-155]. In this study, an aqueous ink of a blend of 
poly(3,4-ethylenedioxythiophene) and poly(styrenesulphonate) (PEDOT/PSS) 
and a photocurable polyurethane prepolymer were printed onto a silicon 
substrate. Glass capillaries (inner diameters of 0.3 and 30 µm) with 
hydrophobic coatings were used, and a stable jet mode was achieved at a 
voltage/nozzle-to-substrate distance ratio of approximately 9 V/μm. As shown 
in Figure 2-17c, an image with dots approximately 490 nm in diameter was 
printed using polyurethane ink. A higher resolution print with dot sizes of 240 
± 50 nm was also achieved with a reduction of the capillary internal diameter 
to 300 nm. Patterns of continuous lines and other shapes could be created by 
printing at stage translation speeds that allow the dots to merge. Electrodes for 
functional transistors and representative circuit designs were also produced for 
potential applications in electronics.  




Figure 2-17 High-resolution E-jet technology for complex patterns printing. (a) 
Schematic diagram of a e-jet printer, (b) nozzle and substrate configuration for 
printing, and (c) optical micrograph printed with dots of ~ 490 nm [120] 
Recently, additional research on continuous fiber printing using E-jetting 
technique has been evaluated. Sun and co-workers [156] have demonstrated 
the ability of a similar E-jetting process, near-field electrospinning process 
(NFES; Figure 2-18a), which used a tungsten electrode dipped in the solution 
to maintain the ink supply. The electrode was positioned close to the substrate. 
This NFES system can produce micro and nano fibers and can control the 
fiber orientation during printing. With the help of the collector movement via 
the stage controller, fibers were deposited along the x- and y-axes (Figure 
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2-18b). Furthermore, several studies have focused on near-field electrospinning 
to evaluate substrate effects [157], patterns [158, 159] and parameters 
optimization [160].  
 
Figure 2-18 Near field electrospinning process (NFES). (a) Schematic diagram 
of NEFS, and (b) SEM images of patterned nano polymer fibers from NFES.  
However, these achievements are only limited to 2D graphic and patterning 
applications. Although initial attempts [161, 162] to fabricate 3D polymeric 
scaffolds using NFES have also been performed, work has always been 
limited to 2D patterning due to the difficulty of solvent evaporation, and no 
3D structure has yet been built. A quick solidification of fibers over very short 
distances between the nozzle and collector is normally required to build 3D 
structures. However, this is a significant issue for solvent-based processes. An 
electrohydrodynamic hot jet plotting technique has been applied to fabricate 
high resolution (i.e. a fiber diameter below 10 μm) 3D scaffolds [163].  
However, a high temperature is required to melt the polymer material during 
the fabrication process, limiting the application of an EHD hot jet process to 
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materials that are temperature-sensitive (i.e. collagen and growth factors) or 
materials that have high melting points.  
Nevertheless, these attempts and efforts show that E-jetting technique has the 
capability of patterning and high resolution printing within the submicrometer 
range, and exhibits significant potential for the replication of complicated 
fibrous meniscus with oriented fine fibers. 
  
2.4 Summary 
The human knee meniscus is a complex fibrocartilaginous tissue consisting of 
circumferentially and radially oriented collagen fibers. Due to its highly 
specialized structure, the meniscus provides specific physiologic roles such as 
load distribution, shock absorption and stability in a demanding mechanical 
environment in the knee joint. Once injured, repair processes are limited, 
particularly in the inner avascular „white-white region,‟ resulting in permanent 
injuries and damages. Current surgical treatments (i.e. meniscectomies, 
allografts and sutures) are restricted due to the subsequent degeneration of the 
knee joint, limited donor organs or inconsistent results during surgery. These 
limitations have inspired the scaffold-based tissue engineering approaches for 
meniscal repair.  
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The rapidly evolving field of tissue engineering possesses great potential for 
the regeneration of injured meniscus. The processes involve the engineering of 
tissue constructs resembling natural meniscus in vitro and the subsequent in 
vivo implantation to restore the functionality of the injured meniscus. The 
ultimate goal of meniscus tissue engineering is to develop a tissue-engineered 
meniscal construct that could be applied in clinical implementation. One key 
factor of the meniscal scaffold design is the ability to accurately replicate the 
specific 3D microstructure of natural meniscus. This factor is particularly 
important because the scaffold would need to carry out the specialized 
functions of the natural meniscus, which are due in part to its unique shape 
and physical attributes. Various tissue engineering technologies have been 
applied for scaffold fabrication. However, existing scaffolding technologies 
for meniscal repair are limited due to resulting poor mechanical properties, 
unsuitable architecture, and the inability to produce the complex natural 
meniscal internal structure for sustained long-term results. Therefore, there is a 
need to design a system that can accurately produce a tailored internal 3D 
microstructure with specified orientations.  
An alternative method is E-jetting technology, which focuses on the control of 
an EHD jet and print patterns, and has attracted significant attention due to its 
advantages of high resolution, increased efficiency and easy set-up. E-jetting 
provides the ability to pattern and print at high resolution within the 
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submicrometer range, and exhibits significant potential for the replication of a 
complicated fibrous meniscus with oriented fine fibers. Few initial attempts to 
fabricate 3D polymeric scaffolds using the E-jetting technique have been 
performed. However, no successful 3D structures have been built using a 
solvent-based E-jetting technique. 
In the following work, an improved E-jetting technique will be presented and, 
for the first time, be applied in the fabrication of 3D meniscal scaffolds with 
oriented fibers, which mimic the microstructure of the natural meniscus. This 
scaffold will serve as a micro-pattern to guide cells to secrete an organized 
fibrocartilaginous matrix. Four specific studies will be carried out, including 
the development and investigation of an improved E-jetting process, the 
characterization of E-jetted meniscal scaffolds (i.e. morphological, 
physicochemical and mechanical properties), an investigation of the in vitro 
degradation mechanism of E-jetted meniscal scaffolds, and an evaluation of 
cell/scaffold interactions and chondrogenesis formation. 
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CHAPTER 3  




A variety of techniques such as salt leaching [164], gas foaming [165] and 
freeze drying [21, 86] have been used to fabricate these scaffolds. However, it 
is difficult to control the pore size, shape, porosity and interconnectivity of the 
scaffolds with these approaches. Fused deposition modelling (FDM) method 
[166] is a type of 3D printing (3DP) technique for scaffold fabrication, which 
could control the pore size and fiber diameter [167, 168]. However, it was 
limited to micron/nano scale applications due to its low resolution in fiber‟s 
diameter (180 - 1000 µm) [169]. Electrospinning process [126, 127], a kind of 
electrohydrodynamic (EHD) technique, has attracted much interest as an 
effective technique to fabricate micron/nanofibers for drug delivery [170-172], 
wound dressing [139, 143, 173], vascular graft [174-176] and cartilage 
regeneration [177-179]. However, the resultant fibers from this conventional 
electrospinning process is yet to achieve a fully-controlled fiber orientation, 
attributing to the chaotic whipping of liquid jet over the long distance between 
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the nozzle and collector.  
Due to a lack in controlling the fiber direction, eletrospinning process has 
limited usage in repairing of tissue in such as tendon, ligament, muscle, 
cartilage and meniscus, in which the collagen fibers are arranged regularly, 
and play a significant role in the anisotropic mechanical properties of these 
tissues. As shown in Figure 3-1, the tendon consists of dense regular 
connective tissue, in which the collagen fibers are bundled in a parallel 
manner [180], and the cartilage consists of laterally arranged collagen fibers 
on the surface layer and almost perpendicular oriented fibers in the inner layer 
[181]. Specific fiber orientation is required for such regularly arranged tissue 
repair applications. To expand further the application of EHD technique, it is 
thus important to achieve high controllability of the fibers. 
 
Figure 3-1 Microstructure of the soft tissues in human body showing the 
orientation of collagen fibers: (a) hierarchical assembly of tendon [180], and 
(b) structure of cartilage tissue on microlevel with emphasized heterogeneity 
zones [181] 
In this chapter, an improved EHD jet printing system termed as E-jetting 
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system will be developed and studied systematically. Various modes in term of 
droplets, jet or multi-jets will be formed during EHD printing process [10], 
depending on the processing parameters used. To achieve fiber printing and 
orientation, only the process with single-jet mode will be studied. Stable 
cone-jet formation process and fiber patterning will also be studied, following 
by the processing parameters investigation. It has been found that fiber 
uniformity and its diameter are dependent on the processing parameters. 
However, reports related to the influence of processing parameters on printing 
performance were insufficient for printing process control. It is thus the 
intension of this study to investigate the effects of several key processing 
parameters including solution concentration, nozzle-to-substrate distance, 
supplied voltage, and stage speed so as to achieve a reliable jet printing for 3D 
scaffold fabrication. 
 
3.2  Materials and Methods 
3.2.1 Material Preparation  
PCL pellets with an average molecular weight of 80 kDa, and acetic acid (99.7 
% purity) were purchased from Sigma-Aldrich. Solutions of various weight 
volume ratios (w/v, PCL:acetic acid) ranging from 10 to 70 %, were prepared 
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by dissolving PCL pellets in acetic acid. To obtain homogeneous PCL 
solutions, all the solutions with various concentrations were stirred 
continuously for 4 h at 24 ˚C. The solution was then used for scaffold 
fabrication. Polished silicon wafers of diameter 100 mm were used as 
substrates. These substrates were cleaned using ethanol pad, and left to air-dry 
prior to usage. 
3.2.2 E-Jetting System Design and Setup 
Figure 3-2 shows the schematic diagram of the E-jetting system, which 
consists of an XYZT precision stage controller, a high voltage supply, a CCD 
camera, a pneumatic system, and a reservoir. During the E-jetting process, 
sufficient PCL solution was added into the reservoir fitted with a stainless steel 
nozzle, which was positioned above the silicon wafer, and the substrate was 
placed on the XY stage. Positive pressure was used in providing a constant 
solution supplement, and high direct current (DC) voltage was applied 
between the nozzle and substrate to charge the solution, thereby creating fiber 
continuously. A CCD camera was used for real-time monitoring of the fiber 
formation at the tip of the nozzle. The experimental setup was shown in Figure 
3-3.  
With the assistance of an electric field between the nozzle and collector, the 
material in the nozzle is charged and stretched. The drop at the apex of the 
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nozzle is under itemized forces, in which, the resultant force is: 
                                 (3-1) 
where subscripts C, E, V, S, A and G correspond to the coulombic, electric 
field, viscoelastic, surface tension, air drag and gravitational forces 
respectively. Among them, electric field, viscoelastic and surface tension 
forces are the three main contributing forces working on the jet. Briefly, there 
are two stages involved in an EHD process. The first stage refers to the Taylor 
cone formation at the apex of a conical meniscus, and the liquid is stretched by 
electric field force. In the second stage, the electric field force keeps 
increasing and exceed the sum of surface tension and viscoelastic, the liquid 
bursts out, forming jet and depositing on the collector. 
 
Figure 3-2 Schematic overview of the E-jetting system 
 




Figure 3-3 Experiment setup of the E-jetting system 
3.2.2.1 Hardware & Software of the XYZT Stage Controller 
X- and Y- axes of the stage were driven by a linear motor, with a travel 
distance of up to 150 mm and an accuracy of 1 μm, while the travel distance 
of Z-axis is 50 mm, and the accuracy is 5 μm. T-axis is the mechanical-bearing 
rotary stage with a speed of up to 600 rpm and an accuracy of 5 μm.  The 
stage is controlled using an integrated software called as Ensemble IDE. Stage 
movement parameters were input from the Ensemble IDE and then transferred 
to the stage controller via a net-cable connection, and the real-time position 
and velocity of the XYZT stage were fed back to the software for monitoring 
and correction purposes. 
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3.2.2.2 Design of the Printhead and Fixture 
Figure 3-4 showed the components of the in-house fabricated printhead. 
Critical issues during the design of printhead are as follows: (1) conductivity, 
(2) no reaction with the solution, (3) air and solution leakage prevention, and 
(4) ease of replacement of the nozzle. To ensure that the filled solution is 
grounded during experiment, the components of the printhead were fabricated 
using aluminum. The inner diameter of the reservoir was 15 mm and the 
capacity was 20 ml. Rubber-O-rings were used between each component to 
prevent any air and solution leakage. Considering about the replacement of 
nozzle, standard disposable blunt needles with an inner diameter of 200 µm 
were used, and the maximum pressure that these nozzles could withstand was 
690 kPa. Tight fit was adopted between the reservoir and the nozzle.  




Figure 3-4 Drawing of the in-house fabricated printhead with its component 
During the E-jetting experiment, the printhead was electrically grounded and 
the substrate was connected to the high voltage. To avoid any interference or 
damage to the XYZT stage, nylon was used as the insulating material for the 
fixture of the printhead and substrate, as shown in Figure 3-3. The insulation 
nylon block with a height of 80 mm could withstand a voltage of up to 20 kV. 
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3.2.2.3 Pneumatic System 
A pneumatic system was developed and used for constant solution supplement 
during the printing process. As showed in Figure 3-5, the pneumatic system 
comprised of an electric-driven air compressor and a pneumatic controller. The 
pneumatic controller has five independent channels: three for regular positive 
pressure and two for negative pressure. The air flow was diverged into the 
activated channels, and each channel has its own flow regulator, thus there 
was no disturbance between each other. For safety reason, a positive pressure 
of 200 kPa was supplied, with an accuracy of 0.01 kPa. 
  
Figure 3-5 Pneumatic system 
3.2.2.4 High Voltage Supply System  
A critical component of the E-jetting system is the high voltage amplifier. As 
shown in Figure 3-6, the amplifier used in the experiment has two independent 
channels, with an output voltage of 0 - 20 kV. The generated high voltage, 
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which was applied between the nozzle and the substrate, could generate an 
electric field, thus affecingt the formation of Taylor cone [126] and E-jetted 
fiber. 
  
Figure 3-6 High voltage amplifier 
3.2.2.5 Visualization System  
An adjustable auto-focus camera (Supereyes 3.2) with a magnification of up to 
300X was used for real-time monitoring of the E-jetting process. To observe 
the jet formation, an ultra-high speed video camera system (Photron Fastcam 
SA-1) was employed in the experiment, at a frame rate of 1,500 fps. 
3.2.2.6 Key Processing Parameters 
To evaluate the printing performance of the E-jetting process, the following 
four critical parameters namely solution concentration, supplied voltage, 
nozzle-to-substrate distance, and stage speed were investigated. 
 Concentration (C = 10 - 70 wt. %): Concentration, here referring to the 
weight volume ratio of PCL in acetic acid, is critical for the fiber 
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formation, and thus scaffold fabrication. During the E-jetting process, 
quick solidification of the fibers over a very short distance between the 
nozzle and substrate is required for fiber collection and 3D structures 
construction, and this is certainly very challenging for solvent-based 
process.  
 Supplied voltage (V = 0 - 20 kV): The high voltage applied to the solution 
is one of the most critical elements in EHD printing techniques. It induces 
necessary charges on the solution to overcome the surface tension and 
initiate the E-jetting process.   
 Nozzle-to-substrate distance (d = 0 - 10 mm): The nozzle-to-substrate 
distance of the conventional E-spinning process is typically 10 - 30 mm 
[153-155], which could result in the whipping of fibers. In contrast, the 
nozzle-to-substrate distance of the E-jetting system is typically less than 
10 mm, aiming to achieve straight fibers before whipping phenomenon 
occurs. Various nozzle-to-substrate distances will affect the flight time and 
electric field strength directly, thus resulting in different fiber formation 
and diameter.  
 Stage speed (v = 0 - 200 mm/s): During the E-jetting process, the jet 
usually burst out with an initial velocity of up to 5 m/s [182]. If the stage 
moves slower than the burst speed, the jet will accumulate rapidly and 
thus, result in fiber with diameter ten times larger than that of the jet itself. 
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Due to the stage limitation, the stage speed used in the study was set at 0 - 
200 mm/s. 
3.2.3 Characterization Techniques 
Fiber uniformity and diameter of e-jetted fibers were observed and measured 
using a digital microscope (KEYENCE, VHX), operating at a magnification of 
x50 and x450. To calculate the mean fiber diameter, 4 points on each fiber 
were measured.  
Morphology of the E-jetted PCL scaffolds was studied using a scanning 
electron microscope (SEM, JEOL JSM-5500), operating at an accelerating 
voltage of 15 kV and current of 10 mA. The scaffolds were coated with a thin 
layer of gold before observation. 
3.2.4 Statistical Analysis 
One way ANOVA test was used to determine any significant differences 
existed between the mean values of the experimental groups. A difference 
between groups was considered to be significant at p < 0.05. Three replicates 
were measured, and the mean value was calculated. 
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3.3 Results and Discussion 
3.3.1 Stable Cone-Jet Formation of PCL 
During EHD printing process, there are few modes that could be formed such 
as pulsating droplet, stable jet and unstable multiple jets [183]. Each mode was 
used for various applications such as pulsation mode for drug delivery [184], 
stable jet for scaffolding [185-187], and unstable multiple jets for implant 
surface coating [188]. Stable jet formed via electrospinning and E-jetting 
technique was mainly used for the fabrication of tissue-engineered scaffold 
such as vascular grafts [185, 189], bone and cartilage scaffolds [186]. To 
achieve a stable-jet mode, a supplied voltage in the range of 0 and 2.2 kV was 
applied between the nozzle and the substrate; the nozzle-to-substrate distance 
was set at 2 mm, and the concentration of the PCL solution was 20 wt. %. The 
stable jet formation process of E-jetting system was shown in Figure 3-7.  
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Figure 3-7 Stable jet formation of E-jetting system 
At the beginning (point A), when the voltage was set at 0 kV and only pressure 
of 200 kPa was applied, the liquid tend to accumulate at the tip of the nozzle 
and thus, formed a droplet. With a gradual increase in the supplied voltage at a 
rate of 1.1 kV/s, the droplet was stretched due to the enhanced electrical force, 
forming a Taylor cone at the apex of a conical meniscus. By increasing further 
the supplied voltage up to 1.3 kV, the electrical force became sufficient to 
overcome the surface tension of the droplet. At 1.16 s (point B), the supplied 
voltage was 1.3 kV, and the liquid burst out, forming a jet with a diameter of 
about 20 µm. Beyond 1.3 kV, the diameter of the jet tended to increase with 
increasing supplied voltage up to 2 kV. However, the jet became thinner when 
the voltage reached 2.2 kV at 2 s (point C), and the jet became stable. At 3 s, 
the diameter of the jet was decreased to about 1 µm.  
3.3.2 Direct Deposition and Patterning of PCL Fine Fibers 
Compared to the electrospinning process, the advantage of E-jetting technique 
is the ability to control the fiber directions. In this work, the fiber orientation 
and patterning capability was investigated through the printing of the character 
„U‟ (Figure 3-8). During the E-jetting process, positive pressure of 200 kPa 
was applied and the nozzle-to-substrate distance was set as 2 mm. Thin jet was 
formed with the assistance of the high voltage (2.2 kV), and was deposited on 
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the substrate. The orientation of fibers was achieved by the movement of the 
stage. The translational rates of X- and Y- axes were 200 mm/s, and the 
rotational speed of T- axis was 60 rpm. 
 
Figure 3-8 E-jetted character „U‟ with patterned fibers 
The “U” pattern consisted of two groups of straight fibers along the axis, and 
one group of curve fibers. All these fibers were printed with equal gaps of 20 
µm between each fiber. These fibers owned almost good parallel performance 
and uniform spacing, exhibiting good controllability of the oriented fibers via 
the E-jetting process.  
As shown in Figure 3-1, fibrous tissues (such as tendon, ligament, muscle, 
cartilage) consist of oriented collagen fibers, either parallel or perpendicular to 
the surface and serve as critical functions in the body. Scaffolds for these 
tissue repairs require that the fiber orientation should be in a controllable 
manner, and E-jetting system can meet the requirement, thus showing its 
potential applications in the fabrication of scaffolds. 
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3.3.3 Effect of PCL Concentration on 3D Scaffold Fabrication 
As demonstrated in Figure 3-2, the orientation of fibers was achieved by the 
movement of the stage. To fabricate the scaffold, continuous fibers were 
placed along the Y-axis to form the first layer with a back-and-forth motion. 
Similarly, the second layer was achieved along the X-axis, and the above 
procedure was repeated with the needle moving upward along the Z-axis until 
the scaffold was built with 10 - 200 layers. The translational rates of X and Y 
axes were 25 mm/s. 
Concentration, here referring to the weight volume ratio of PCL in acetic acid, 
is critical for the fiber formation, and thus scaffolds fabrication. During the 
E-jetting process, quick solidification of the fibers over a very short distance 
(2 mm) between the nozzle and collector is required for fibers collection and 
3D structures construction, and this is certainly very challenging for 
solvent-based process. The solvent must evaporate completely before the fiber 
is being deposited onto the substrate. Otherwise, only a thin film will be 
obtained instead of a fiber. 
In traditional electrospinning process, the most commonly used PCL solution 
concentration was 8 - 12 % [190] whilst in E-Jetting process, there was no 
fiber being generated at such a low concentration (< 10 %) (Figure 3-9a). 
There only appeared a wide line of solution on the substrate, attributing to the 
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insufficient time for solvent evaporation. The printed line took more than 5 
min to dry out completely, and thus it was not possible to build up a scaffold 
architecture. Increasing the PCL solution concentration to 70 % was studied to 
investigate the concentration effect on fiber generation and scaffold 
fabrication, and the results were illustrated here. 
It was able to obtain PCL fibers using 30 % solution. Repeated printing of 200 
layers alternately along the X- and Y- axes could also be done. However, after 
detaching the scaffold from the substrate, the sample obtained was only a thin 
film with thickness of 47 7 μm. All the fibers on the same location tend to 
merge together, and could not discern clearly from each other. Furthermore, 
after printing few layers, undesirable auxiliary fibers were generated as shown 
in Figure 3-9b (enclosed in red square). The accompanying tiny fibers were 
attributed to the increased electric field contributed by the accumulation of 
conductive solvent on the substrate. It revealed that there was still substantial 
amount of solvent entrapped within the fibers. 
With increasing concentration to 50 %, PCL fibers were successfully 
generated, and the diameter of the resultant fibers was 3.1   0.1 μm, which 
was measured using an AFM. After printing 200 layers, a thickness of 246 
37 μm was achieved, demonstrating an improved performance with increasing 
concentration. However, the fibers still had a tendency to merge together. 
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From Figure 3-9c, it was found that the fibers collapsed (enclosed in red 
circle), owing to insufficient evaporation time for the solvent. Quick 
solidification was critical for the fibers to span over the designed gap (500 μm) 
underneath them for 3D construction. 
As presented in Figure 3-9d, it was observed that uniform single fibers were 
achieved at 70 % concentration, and a 3D scaffold was successfully built up 
after printing 50 layers. The thickness of the scaffold was 965  19 μm. The 
fiber did not merge together with the previous fiber along the same axis, 
implying that the fiber solidified quickly upon ejecting. However, the diameter 
of the fibers was 20.2   0.9 μm, which was comparatively larger than that of 
50 % concentration.  This phenomenon was attributed to the change in 
solution properties, which included electric conductivity, surface tension, 
viscosity and solvent evaporation rate. These properties determined the 
amount of solution being stretched out from the tip of the nozzle under high 
voltage, thus affecting the resultant fiber morphology. Higher electrical 
conductivity was necessary during the process initiation to overcome the 
surface tension of the solution, and also important in the subsequent stretching 
of the electrohydrodynamic jet. With increasing PCL concentration, less acetic 
acid would be present in the solution and thus, fewer free ions, which led to a 
decrease in electric conductivity, but, the viscosity and surface tension were 
increased, thereby resulting in larger fiber‟s diameter. However, the solvent 
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evaporation rate was improved since there was less acetic acid in the solution 
and rapid solidification of the fibers could be achieved towards 3D 
construction. In this study, all other processing parameters remained 
unchanged such as positive pressure, voltage and moving speed of the stage, 
while all these parameters could affect on the feed rate or stretching of the 
solution during printing. The fiber diameter could be decreased by decreasing 
the solution feed rate, increasing the high voltage potential or increasing the 
moving speed of the stage. 
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Figure 3-9 Printed results with various concentration of PCL solution. (a) 10 
%, (b) 30 %, (c) 50 %, and (d) 70 % 
As reported, near-field electrospinning process [156] could produce polymer 
fibers in micrometer or nanometer scale level. However, it had always been 
limited to 2D patterning since considerable amount of solvent was entrapped 
in the fibers. For E-jetting process, quick solidification of the fibers over a 
very short distance (2 mm) between the nozzle and collector was achieved 
with increasing PCL concentration up to 70 %. Fibrous scaffolds were 
successfully fabricated with multi-layers of specific aligned fibers and 
controlled pore size of 450 ± 50 μm. Compared with the electrospun scaffolds, 
E-jetted scaffolds could provide sufficient space for nutrient and blood 
transfer, promoting cell growth within the 3D scaffold. It was demonstrated 
that E-jetting technique had the capability to construct 3D scaffolds with 
desirable pore size and fiber orientation.  
3.3.4 Effects of Key Processing Parameters on Fiber Formation and 
Diameter  
High resolution and good control of fiber orientation are the advantages of 
E-jetting technique over other scaffolding techniques (such as freeze drying, 
salt leaching, FDM). However, the morphology of E-jetted fiber and its 
diameter are largely dependent on many processing parameters. In this work, 
the effects of several key processing parameters including the supplied voltage, 
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nozzle-to-substrate distance, and stage speed, were investigated to achieve 
reliable jet printing. The parameter levels are shown in Table 3-1.  
Figure 3-10 shows the printing method for data collection. In the testing area, 
10 fibers were firstly printed for process stabilization. The stage was then 
paused for 5 s before and after a change in the processing parameters since 
there was a time delay in the response induced by the highly viscous PCL 
solution. To quantify the results, 6 fibers of length 50 mm and gap 500 μm 
were printed for each group of the processing parameter conditions 
(nozzle-to-substrate distance, supplied voltage and stage speed), and only one 
parameter was changed for each group of fiber printing. 
Table 3-1 Summary of parameter level settings 
Processing Parameters                             Level Setting 
Nozzle-to-substrate 
distance (mm) 
1 2 3 4 5 6 7 8 9 10 
Supplied voltage (kV) 1 2 3 4 5 6 7 8 9 10 
Stage speed (mm/s) 10 20 40 60 80 100 120 140 




Figure 3-10 Schematic diagram of the fiber printing for data collection 
3.3.4.1 Nozzle-to-Substrate Distance & Voltage versus Fiber Formation 
Based on E-jet printing phenomenon, the results could be classified into four 
categories: spark, no fiber formation or discontinuous fibers, spun fibers and 
stable fibers. In this study, only the continuous fibers including spun fibers and 
stable fibers (Figure 3-11) were studied in controlling the fiber diameter. 
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Figure 3-11 E-jetted continuous PCL fibers: (a) spun fibers and (b) stable 
fibers 
Nozzle-to-substrate distance and supplied voltage were two parameters, which 
could determine the electric force between the nozzle and substrate, thereby 
affecting fiber production.  Figure 3-12 shows the effect of 
nozzle-to-substrate distance and supplied voltage on the E-jetted fiber 
formation. The stage speed was set at 10 mm/s in this experiment. For area 1, 
the nozzle was placed far away from the substrate, and the applied voltage was 
relatively low (< 4 kV). The strength of the electric field was insufficient to 
overcome the surface tension and viscoelastic force of the solution, thus no 
fiber formation or only discontinuous fibers were presented. In contrast, when 
the supplied voltage was set up to 10 kV (area 3), the electric field strength 
exceeded the dielectric field strength of the air between the nozzle and 
substrate and thus, spark occurred. In area 2, for each nozzle-to-substrate 
distance (≤ 6 mm), there was a limited range of supplied voltage to generate 
stable fibers. For example, the voltage should be less than 2 kV when the 
distance was set at mm whilst the supplied voltage could be increased to no 
more than 5 kV when the distance was increased to 2 mm. As shown in area 4, 
the printed fibers changed from straight to curved lines with an increase in 
both the nozzle-to-substrate distance and supplied voltage. It can be explained 
by the whipping phenomenon where the jet bends as the distance increases. 
When the distance and voltage were increased further (area 5), the jet became 
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thinner, and large nozzle-to-substrate distance could also provide enough time 
for the fiber to solidify in the air. Thus, fibers were unable to adhere easily 
onto the substrate, resulting in discontinuous fibers or no fiber formation. 
 
Figure 3-12 Effect of the nozzle-to-substrate distance and voltage on the 
E-jetted fiber formation 
3.3.4.2 Stage Speed versus Fiber Formation 
Stage speed is also one of the key processing parameters, which could affect 
the uniformity and diameter of the fiber. Figure 3-13 shows the effect of stage 
speed on the E-jetted fiber formation. According to the results shown in Figure 
3-12, the supplied voltage was set at 5 kV, in which continuous fibers were 
produced, either stable or spinning. When the nozzle-to-substrate distance was 
set at 1 mm, spark happened (area 1). It was consistent with the corresponding 
result observed in Figure 3-13. When the stage speed was only 10 mm/s and 
the distance was beyond 4 mm, the resultant fibers were bent and spun fibers 
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formed (area 3). With an increasing stage speed, the spun fibers became 
straight (area 2). The stable area was enlarged with an increase in stage speed. 
However, for the nozzle-to-substrate distance lower than 5 mm, a relatively 
high stage speed could result in discontinuous fibers. This was because a 
higher stage speed could lead to an increase in friction between the fiber and 
the substrate, which could overcome the viscoelastic force of the PCL fiber. 
 
Figure 3-13 Effect of stage speed and nozzle-to-substrate distance on the 
E-jetted fiber formation 
Table 3-2 Summary of the more likely fiber formation versus level setting of 




Low Moderate High 
Nozzle-to-substrate 
distance  
(1 - 10 mm) 
Spark 
Continuous fibers, 
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Supplied voltage  




including stable and 
electrospun fibers 
Spark 
Stage speed  






The working range in which continuous PCL fibers could be formed at various 
E-jetting processing parameters (nozzle-to-substrate distance, supplied voltage 
and stage speed) has been achieved (Figures 4 and 5), and a summary of the 
more likely fiber formation with different setting of key processing parameters 
was listed in Table 3-2. Both electrospun and stable fibers could be used for 
tissue scaffolding applications. The electrospun fibers had been widely used to 
fabricate engineered vascular [185, 189],  skin [17] and cartilage [186] etc. 
However, some of the fibrous tissues (such as tendon, ligament, muscle, 
cartilage) consist of oriented collagen fibers, either parallel or perpendicular to 
the surface and serve as critical function in the body. Scaffolds for these tissue 
repairs require the fiber to be oriented in a controllable manner, and the 
advantage of E-jetting system over other EHD printing technique is that it can 
produce stable, straight fiber and thus, can be expanded further its applications 
to fibrous tissues with oriented fibers. 
3.3.4.3 Nozzle-to-Substrate Distance versus Fiber Diameter 
Fiber diameter is a critical factor for scaffold application. It is related to the 
structure and surface area of the scaffold, thus affecting the porosity, 
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mechanical property and cell-scaffold interaction [191-193]. Thus, control of 
the fiber diameter is an important issue to investigate for scaffold fabrication.  
Based on the results observed Sections 3.3.4.1 and 3.3.4.2, a supplied voltage 
of 5 kV and a stage speed of 60 mm/s were chosen as the constant parameters 
so as to investigate the effect of nozzle-to-substrate distance on the E-jetted 
fiber diameter.  When the nozzle-to-substrate distance was lower than or 
equal to 6 mm, the fiber diameter was increased significantly with an increase 
in the nozzle-to-substrate distance (Figure 3-14a). This was because the 
increase in nozzle-to-substrate distance and constant supplied voltage, led to a 
decrease in the electric force and thus, thicker jet between the nozzle and 
substrate has lower resistance to the electric field.  There was a sudden drop 
in the fiber diameter when the nozzle-to-substrate distance was increased 
between 6 and 7 mm, and there was no significant change in the fiber diameter 
with an increase in the nozzle-to-substrate distance beyond 7 mm. This 
phenomenon could be explained by the fact that spun fibers were straightened 
at a high stage speed (60 mm/s).  As shown in Figure 3-14b, although 
E-jetting process was considered to be stable at a stage speed of 60 mm/s and 
nozzle-to-substrate distance larger than or equal to 2 mm, whipping and 
spinning of fibers could be happened at a stage speed of 10 mm/s. This was 
especially so for nozzle-to-substrate distance between 7 and 10 mm, since the 
fiber became thinner and circled, due to the whipping phenomenon where the 
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jet bent as the nozzle-to-substrate distance was increased. However, a high 
stage speed of 60 mm/s could straighten the circled fibers into straight and 
uniform fibers. 
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Figure 3-14 Investigation on the (a) effect of nozzle-to-substrate distance on 
the E-jetted fiber diameter (* p < 0.05), and (b) change in fiber uniformity 
with increasing nozzle-to-substrate distance from 2 to 10 mm 
3.3.4.4 Supplied Voltage versus Fiber Diameter 
To investigate the effect of supplied voltage on the E-jetted fiber diameter, a 
nozzle-to-substrate distance of 4 mm and a stage speed of 60 mm/s, were used. 
Figure 3-15 shows the effect of supplied voltage on fiber diameter. The fiber 
diameter had an overall decreasing trend from 72 to 12 ± 1 μm, when the 
supplied voltage was increased from 2 to 7 kV (Figure 3-15). However, there 
was an obvious reduction (49 %) in the fiber diameter when the voltage was 
increased from 5 to 6 kV, attributing to the straightened spun fibers. The 
continuous increase in supplied voltage (> 7 kV) would lead to spark, and no 
fiber could be formed. 
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Figure 3-15 Effect of high voltage on the E-jetted fiber diameter (* p < 0.05) 
3.3.4.5 Stage Speed versus Fiber Diameter 
The effect of stage speed on the E-jetted fiber diameter was also studied. 
Parameters were selected according to the results shown in Figure 3-13. The 
supplied voltage was set at 5 kV and the nozzle-to-substrate distance was set 
as 4 mm. Figure 3-16 shows effect of the stage speed on the fiber diameter. 
Generally, the fiber diameter decreased significantly from 122 to 14 ± 2 μm 
with an increase in stage speed from 10 to 140 kV (* p < 0.05). Once the jet 
reached the substrate surface, it could adhere onto the surface and deposited 
on the substrate along with the stage movement. When the stage speed was 
increased to more than 140 mm/s, the traction force caused by the adhesion 
in-between the nozzle and substrate could exceed the viscoelastic force of the 
PCL fiber, thus resulting in the formation of discontinuous fibers or no fiber 
being attached onto the substrate. 




Figure 3-16 Effect of stage speed on the E-jetted fiber diameter (* p < 0.05) 
As shown from the effects of processing parameters (Figures 3-14, 3-15 and 
3-16), fibers with a range of diameter sizes (12 - 122 μm) could be achieved, 
and the diameter was controlled and varied via nozzle-to-substrate distance, 
supplied voltage and stage speed. For a given material such as PCL, a thick 
fiber could yield better mechanical properties to support cells. On the other 
hand, a thin fiber could give a larger contact surface area for cell attachment 
and proliferation, and also a high porosity level for nutrient and blood transfer. 
The effect of fiber diameter on scaffold‟s mechanical property and porosity 
will be investigated in Chapter 4. 
 




In this chapter, an improved E-jetting process was developed and studied. It 
was a promising micro-fabrication technique, which owns high resolution, and 
in particularly, good controllability in fiber orientation. The E-jetting system 
presented a significant advantage in patterning and orienting fibers in a 
controllable manner. It was shown that the fibers owned almost good parallel 
performance and uniform spacing. PCL Key processing parameters including 
nozzle-to-substrate distance (1 - 10 mm), supplied voltage (1 - 10 kV) and 
stage speed (10 - 200 mm/s) were evaluated so as to determine a working 
range for stable fiber printing.  There was no fiber formation or only 
discontinuous fibers were presented when the nozzle was placed far away 
from the substrate ( > 7 mm), and the applied voltage was relatively low (< 4 
kV). For the stage speed of 10 mm/s, an increase in both the 
nozzle-to-substrate distance beyond 4 mm and supplied voltage beyond 5 kV 
would encounter transition of printing mode from stable to spun fibers. Spark 
occurred when the supplied voltage was set up to 10 kV.  Thus, the preferred 
working range of nozzle-to-substrate distance and supplied voltage was less 
than 4mm and 5 kV, respectively. For the supplied voltage of 5 kV, the spun 
fibers became straight with an increase in the stage speed beyond 60 mm/s. In 
addition, the effects of these processing parameters on fiber diameter were 
investigated. Results showed that fiber diameter was increased significantly 
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with an increase in the nozzle-to-substrate distance up to 6 mm. However, due 
to the whipping instability of the cone-jet, a sudden decrease in fiber diameter 
was observed when the nozzle-to-substrate distance was increased beyond 6 
mm. The fiber diameter had an overall decreasing trend with an increase in 
supplied voltage (up to 7 kV) and stage speed (up to 140 mm/s), and there was 
no fiber formation when the supplied voltage and stage speed beyond 6 kV 
and 120 mm/s, respectively. These results were specific to 70 %w/v PCL 
solution. Properties of the solution could be varied for different concentration 
or printing materials and the processing parameters should be tuned 
accordingly. All these results suggested that stable and uniform fibers with 
desired diameter could be achieved via the adjustment of key processing 
parameters in the E-jetting system. On the whole, E-jetting technique has the 
feasibility to fabricate complicated 3D scaffolds with controlled fine fibers, 
showing its potential in tissue engineering applications.
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CHAPTER 4  
Fabrication of 3D Meniscal Scaffold via 
E-Jetting Technique 
 
4.1  Introduction 
The knee meniscus is a fibrous cartilage tissue which consists of 
circumferentially oriented collagen fibers interspersed with radial collagen 
fibers [35]. Owing to its reinforced matrix, the meniscus transmits loads, 
absorbs shocks and maintains stability in the joint [46]. The mainstay of 
current treatments remains partial or total excision of the torn meniscus, which 
may lead to increased stresses of up to 235 % and early degeneration of the 
keen joint [6].  
Tissue engineering is a promising approach that can be used to repair or 
replace damaged and/or diseased tissues such as bone, cartilage, blood vessels, 
skin [194]. However, cells usually migrate to form two-dimensional (2D) layer, 
thus lacking the ability to grow in 3D manner to replicate the anatomical shape 
of normal tissue. In order to replicate the anatomical shape of normal tissue, 
cells are often seeded onto a 3D scaffold, which is capable of supporting cell 
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proliferation and subsequently, 3D tissue formation [169]. Thus, a scaffold 
with desired properties such us morphology, structure, porosity, mechanical 
properties, bioactivity and degradability is critical for tissue engineering. 
One key factor towards successful meniscal tissue engineering is the 
replication of the specific 3D microstructure of meniscus. This is particularly 
important in the meniscus, where the capability to fulfill the specialized 
functions such as load distribution, shock absorption and stability is imparted 
by its unique shape and internal micro structure. Current scaffold-based tissue 
engineering approaches such as freeze drying [21], extracellular matrix (ECM) 
extraction [22] and electrospinning technology [24] has been used to fabricate 
scaffolds for meniscus regeneration. However, exiting scaffolds have yet to 
yield sustained and reliable long-term results since these approaches are 
unable to replicate accurately the 3D microstructure of meniscus. A system 
that can accurately produce a tailored internal 3D microstructure with 
specified orientations can potentially solve this problem, and provide a 
quantum leap in the scaffold technology.  
In Chapter 3, the E-jetting system presented a significant advantage in 
patterning and orienting fibers, and quick solidification of the fibers over a 
very short distance (2 mm) between the nozzle and collector, was achieved 
with increasing polycaprolactone (PCL) concentration up to 70 %, thus 
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demonstrating the capability of E-jetting technique to fabricate 3D meniscal 
scaffold with replication of the microstructures.  
In this chapter, the E-jetting system will be used to fabricate 3D porous PCL 
scaffold, especially the meniscal scaffold with specific fiber orientation. PCL 
is a biocompatible polymer and has been approved by the Food and Drug 
Administration (FDA). Physicochemical examination of the E-jetted scaffold 
will be done to make sure that there is no change or damage to the PCL during 
the E-jetting system. The effects of fiber diameter and pore size on the 
porosity and mechanical property of the scaffolds will also be investigated. 
Finally, the meniscal scaffold with a tailored internal 3D microstructure and 
fiber orientation will be fabricated and characterized. Mechanical properties of 
the meniscal scaffold will also be investigated. 
 
4.2  Materials and Methods 
4.2.1 Material Preparation 
PCL solution with weight volume ratio (w/v, PCL:acetic acid) of 70 % was 
prepared according to the procedures mentioned in Section 3.2.1. 
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4.2.2 Scaffold Fabrication Process 
According to the E-jetting process described in Section 3.2.2, cubic scaffolds 
with dimension of 30 by 30 mm were fabricated for scaffolds properties 
evaluation and characterization. The nozzle-to-substrate distance was set at 2 
mm, and the supplied voltage was set at 2.2 kV. 
Meniscal scaffolds with oriented fibers were also fabricated using the E-jetting 
technique. As shown in Figure 4-1, there are five independent parameters 
during the meniscal scaffold fabrication process, namely outer radius (R), 
number of circumferential fibers (N), gap between two circumferential fibers, 
number of radial fibers (n), and angle between the adjacent radial fibers (Ѳ). 
To mimic the crescent shape and microstructure, the first layer of curve fibers 
was deposited to form the circumferential fibers prior printing the second layer 
of radial fibers. The printing process was repeated until a multi-layer structure 
was being built. Towards achieving the wedge-shaped meniscus, the number 
of circumferential fibers for each layer was decreased progressively. Finally, a 
3D biomimetic meniscal scaffold with fiber orientation was fabricated at room 
temperature (24 ˚C). 




Figure 4-1 E-jetted meniscal scaffold fabrication process: (a) schematic 
diagram of defined parameters, and (b) biomimetic meniscal scaffold 
fabrication process 
4.2.3 Porosity Measurement of E-Jetted Scaffold 
To characterize the porosity of E-jetted scaffolds with various fiber diameters 
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and pore sizes, both the theoretical and experimental porosities were evaluated. 
Figure 4-2 shows the 3D model of the scaffold. Cell selected for porosity 
calculation was highlighted (red colour) in the side and top views. The 





             
     
      
 




    
      
      
 
     
  




 is the theoretical porosity of the 3D model;       and         are 
the volumes of one cell and the solid fibers in the cell;   is the length and 
width of the cell and equal to the pore size of the scaffold; D is the height of 
the cell, and it is twice of the fiber diameter. 




Figure 4-2 3D model of scaffold for theoretical porosity calculation 
To obtain the experimental porosity of the E-jetted scaffolds, three scaffolds of 
each group were fabricated with 20 layers of fibers printing. All samples were 
weighed with an electronic balance (± 0.1 mg), and the dimensions of the 
samples were measured with a micrometer (± 1 μm). The porosity of the 
scaffolds was then calculated using the following equation: 
         (4-2) 




               
  
    
       (4-4) 
Where    and    are the mass and volume of the scaffold; L , W and H  
are the length, width and height of the scaffold;   
 
 is the density of scaffold; 
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     (1100
3/kg m ) is the density of PCL. 
4.2.4 Tensile Test of E-Jetted Scaffold 
To evaluate the tensile properties of E-jetted scaffolds, three groups of samples 
with different fiber orientations were fabricated. As shown in Figure 4-3a, the 
cubic scaffolds with crossed fibers were fabricated. The gap between fibers 
was 300 μm and the dimension of the cubic scaffolds was 30 by 30 mm. The 
meniscal scaffolds with circumferential and radial fibers were also fabricated 
using the E-jetting technique (Figure 4-3b). The outer radius was 30 mm, the 
gap between two circumferential fibers was set at 300 μm, and the angle 
between the adjacent radial fibers was set at 1.5 ˚. Three groups of samples 
with different fiber orientation were prepared according to the fiber direction 
of the scaffolds (Figure 4-3d). Samples were in rectangular shape of 
dimensions 15 by 5 by 0.5 mm.  
Tensile test of the scaffolds was carried out using a table top tensile tester 
(Instron 3345, Canton, MA), at a load cell capacity of 100 N, and samples 
were extended to failure at a rate of 1 mm/min (Figure 4-3c). Cross-sectional 
area and guage length of the scaffolds were determined by measuring the 
width and thickness using a micrometer. Using the cross-sectional area and 
gauge length, tensile modulus was calculated from the stress-strain curve. 
Three replicates were measured, and the mean value was calculated.  




Figure 4-3 Schematic diagram of tensile test of E-jetted scaffolds: (a) cubic 
scaffolds printing, (b) meniscal scaffolds printing, (c) fixing of samples for 
tensile test, and (d) samples preparation with different fiber orientations 
4.2.5 Characterization Techniques 
The fibers diameter was measured using an atomic force microscope (AFM) 
(SPM5, Seiko Instruments), at a scanning frequency of 0.1 Hz. Morphology of 
the E-jetted PCL scaffolds was studied using a scanning electron microscope 
(SEM, JEOL JSM-5500), operating at an accelerating voltage of 15 kV and 
current of 10 mA. The scaffolds were coated with a thin layer of gold before 
observation.  
Molecular weight of the as-received PCL and E-jetted PCL scaffolds was 
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examined by a gel permeation chromatography (GPC, Agilent 1100) at 24 ˚C 
using polystyrene as the standard. Tetrahydrofuran (THF) was used as the 
mobile phase at a flow rate of 1 ml/min.  
Crystallinity of the as-received PCL and E-jetted PCL scaffolds was 
determined using X-ray diffraction (XRD, Bruker D8). A diffractometer CuK  
radiation was used, operating at 40 kV and 30 mA. Data was collected over a 
2Ѳ range of 5 - 50 ˚ with a step size of 0.05 ˚ and a count time of 20 s.  
Attenuated total reflectance fourier transform infrared (FTIR, Avatar 380) 
spectroscopic analysis of as-received PCL and E-jetted PCL scaffolds was 
performed over a range of 800 - 4000      at a resolution of 8     , 
averaging 64 scans.  
4.2.6 Statistical Analysis 
One way ANOVA test was used to determine any significant differences 
existed between the mean values of the experimental groups. A difference 
between groups was considered to be significant at p < 0.05. Three replicates 
were measured, and the mean value was calculated. 
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4.3 Results and Discussion 
4.3.1 Effects of Fiber Diameter and Pore Size on Scaffold Properties 
Architectural characteristics including fiber diameter, pore size and porosity of 
scaffolds play a significant role in biological delivery and tissue regeneration 
such as cell seeding, attachment, migration and thus, guiding the cell 
proliferation, differentiation and tissue ingrowth [66-68]. Scaffolds with a high 
porosity (> 70 %) and good interconnectivity are often required by various 
tissue engineering applications (vascular, bone, meniscus, etc). Simultaneously, 
mechanical property is also important for a scaffold to maintain its shape, 
provides mechanical stability to the defect tissue, and supports the engineered 
tissues [71]. Thus, in tissue engineering, the scaffold is required to own both 
sufficient porosity and mechanical strength to aid in biological delivery and 
support tissue regeneration, respectively. 
The porosity and mechanical strength of the E-jetted scaffolds are controlled 
by the fiber diameter and pore size. As reported in Section 3.3.4.5, the fiber 
diameter decreased with an increase in stage speed. Thus, fiber diameters of 
87 ± 3, 44 ± 1, 29 ± 1 and 14 ± 2 μm were achieved at different stage speed of 
20, 60, 100 and 140 mm/s, and pore sizes of 500, 400, 300 and 200 µm were 
applied to investigate the effects of fiber diameter and pore size on scaffolds 
porosity and mechanical properties. 
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4.3.1.1 Effect of Fiber Diameter and Pore Size on Scaffold Porosity 
The theoretical porosity of scaffolds with various fiber diameters and pore 
sizes was calculated and showen in Figure 4-4. With a decrease in the stage 
speed (from 140 to 20 mm/s) and pore size (from 500 to 200 µm), the porosity 
of the scaffold decreased. It was because fiber became thicker and the space 
in-between the fibers was narrowed. The maximum porosity of 97.9 % was 
achieved at a stage speed of 140 mm/s and pore size of 500 µm, while a 
minimum porosity of 66.4 % was achieved at a stage speed of 20 mm/s and 
pore size of 200 µm.  
 
Figure 4-4 Theoretical porosity of scaffolds with various fiber diameters and 
pore sizes 
Figure 4-5 shows the experimental porosity of E-jetted scaffolds. With a given 
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pore size, the porosity of scaffold increased significantly with an increase in 
stage speed up to 140 mm/s. It was because that the fiber became finer from 
87 to 14 μm. The porosity decreased when the pore size of the scaffold was 
reduced from 500 to 200 μm. The trend was consistent with the calculated 
values. However, the maximum porosity achieved from experiment was only 
94.4 ± 0.2 %, and it was 3.5 % percent lower than that of the theoretical value 
(97.9 %). The minimum experimental porosity was 58.9 ± 1.4 %. It could be 
due to the stiffness of the E-jetted PCL fibers. As shown in Figure 4-6a, the 
fibers of 3D model were rigid and tangential to the previous layer, while for 
the E-jetted scaffolds (Figure 4-6b), the top fiber layer bent over the previous 
printed layer, resulting in the compression of space and thus,  lower porosity. 
Optimal pore size ranges for different kinds of cells and tissues have been 
reported. For example, 20 - 125 μm for skin regeneration [195], 200 - 350 μm 
for osteoconduction [196], and 100 - 400 for bone regeneration [197, 198]. 
However, these results are dependent on the porosity and scaffold materials. 
Large pore size and high porosity can provide effective biofactors transport, 
nutrient supply and metabolic waste removel. However, it will result in a low 
intracellular signaling between cells, which is not conducive for cell growth 
and further ECM secretion [66, 199]. 
 




Figure 4-5 Experimental porosity of E-jetted scaffolds (* p < 0.05, ** p < 
0.05) 
 
Figure 4-6 Morphology comparison between a (a) 3D model and (b) E-jetted 
scaffold 
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4.3.1.2 Effect of Fiber Diameter and Pore Size on Mechanical Property 
Mechanical function of scaffolds is critical for tissue engineering applications. 
Generally, tensile modulus was 0.4 - 350 MPa for soft tissues such as vascular, 
cartilage and meniscus [200]. The designed scaffolds should provide adequate 
tensile modulus in the above ranges as a support. Otherwise, excessive 
deformation of scaffolds could occur during tissue formation, leading to the 
failure of tissue regeneration.  
Figure 4-7 shows the tensile modulus of E-jetted scaffolds with various fiber 
diameters and pore sizes. The tensile modulus decreased significantly with an 
increase in stage speed up 140 mm/s and pore size up to 500 μm. The 
maximum tensile modulus of 15.4 ± 0.3 MPa was achieved at a stage speed of 
20 mm/s and pore size of 200 μm, and it was about three times that of the 
minimum tensile modulus (5.2 ± 0.4 MPa), which was achieved at a stage 
speed of 140 mm/s and pore size of 500 μm. Generally, the tensile modulus of 
E-jetted scaffolds with various fiber diameters and pore sizes was 5.2 - 15.4 
MPa, which was within the range of natural soft tissues (3 – 300 MPa) [200].  
Overall, fiber diameter and pore size are critical for scaffold since they could 
affect the porosity and mechanical properties of E-jetted scaffold directly. As 
discussed in Section 3.3.4, the diameter of E-jetted fiber was dependent on the 
key processing parameters including nozzle-to-substrate distance, supplied 
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voltage and stage speed. The effect of processing parameters on scaffold 
properties was summarized and listed in table 4-1.  
 
Figure 4-7 Tensile modulus of E-jetted scaffolds with various fiber diameters 
and pore sizes (* p < 0.05, ** p < 0.05) 
Table 4-1 Summary of effects of processing parameters on scaffold properties 
Scaffold Properties 





2 – 6 mm 
Fiber 
Diameter 
↑ ↓ ↑ 
6 – 10 mm ↓ ↑ ↓ 
Supplied voltage ↑ 2 – 7 kV ↓ ↑ ↓ 
Stage speed ↑ 10 – 140 
mm/s ↓ ↑ ↓ 
Pore Size ↑ ↑ ↓ 
Note:  ↑ increase;  ↓decrease 
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A successful scaffold should possess good mechanical function as a temporary 
support for tissue regeneration as well as a high porosity to provide better 
biofactors delivery. However, this balance often presents a trade-off. A denser 
scaffold could usually provide better mechanical function such as tensile, 
compressive or yield properties whilst a more porous scaffold could give 
porous channels for cell migration and nutrition. As shown in Figure 4-5, the 
porosity of E-jetted scaffolds increased from 58.9 to 94.4 %, with an increase 
in pore size and a decrease of fiber diameter. Conversely, the tensile modulus 
of the E-jetted scaffolds decreased from 15.4 to 5.2 MPa, with an increase in 
pore size and a decrease of fiber diameter. PCL scaffold fabricated from 
conventional 3D printing techniques such as selective laser sintering (SLS) 
and fused deposition modeling (FDM) technique, usually could give a higher 
mechanical modulus ranging from 30 to 450 MPa. However, porosity of the 
PCL scaffold fabricated by FDM [94] ranged from 48 - 77 %, and porosity of 
the selective laser sintered PCL scaffolds ranged from 37 - 55 % [94, 95]. 
4.3.2 Morphology of E-Jetted 3D Porous Scaffold 
SEM examination of the E-jetted PCL fiber was shown in Figure 4-8a. Parallel 
fibers were obtained, and the surface of the printed fibers was generally 
smooth. With the attribution of high voltage, uniform fibers of diameter 20.5 ± 
1.9 μm were achieved. It was comparatively smaller than those fabricated 
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using a micro-extrusion system having a fiber diameter of 100 μm [166, 201]. 
Fine fibers have shown to enhance cell attachment and modulate cell 
signalling pathways, thereby accelerating extracellular matrix production [202, 
203]. 
As reported in the literature, the pore sizes of electrospun scaffolds were 
relatively small as compared to the size of cells, thus limiting cell penetration 
into the scaffolds [204]. To evaluate this, a 10-layered scaffold was fabricated 
in this study (Figure 4-8b). The pore size obtained was 450 ± 50 μm. The large 
pore sizes would certainly able to support and guide cell in-growth, restricting 
cell colonisation on the outer surfaces only. With continuous printing to 50 
layers, a highly porous PCL scaffold of dimensions 15 by 15 mm was 
fabricated with a porosity level of 92 ± 3 % (Figure 4-8c). The whole 
fabrication process took approximately 40 min. High porosity level of up to 
90 % was desirable in providing sufficient blood and nutrient transfer within 
the scaffold [205], though the mechanical strength of the scaffold would be 
compromised. 




Figure 4-8 Highly porous scaffold fabricated via E-jetting technique. SEM 
image of (a) E-jetted oriented fibers and (b) scaffold, (c) snapshot of scaffold 
 
4.3.3 Physicochemical Characterization of E-jetted 3D Porous Scaffold 
Figure 4-9 presents the changes in the molecular weight of as-received PCL 
and E-jetted PCL scaffolds. No significant degradation in molecular weight 
was observed, demonstrating that there was no destruction of PCL caused by 
the E-jetting technique. 




Figure 4-9 Molecular weights of as-received PCL, and E-jetted PCL scaffold 
As shown from the XRD patterns (Figure 4-10), the diffraction of (110) and 
(200) lattice planes of the semi-crystalline PCL appeared as strong peaks at 2  
= 21.5 and 23.8 ˚. The intensity ratio (I100/I200) [134] of the two main peaks 
of E-jetted PCL scaffold was 2.4, which was lower than that of the as-received 
PCL (I100/I200 = 3.6). This implied that the retardation of crystallization 
occurred in the fibers, revealing that there was no elongation of PCL chains 
during the E-Jetting process. 




Figure 4-10 XRD patterns of as-received PCL and E-jetted PCL scaffold 
Characteristic C=O peak at 1723     , CH2 asymmetric stretching at 2945 
     and symmetric stretching at 2865     , C–O–C stretching at 1241 
     and C–O stretching at 1170     , all belonging to PCL were detected 
in the FTIR spectra for all samples (Figure 4-11), demonstrating that there was 
no destruction of PCL caused by the E-jetting technique.  




Figure 4-11 FTIR spectra of as-received PCL and E-jetted PCL scaffold 
Molecular weight, crystallinity, and functional groups are essential factors of 
the materials, which determine many physical properties such as melting point, 
mechanical properties and degradation behaviour of scaffolds, thereby 
affecting cell growth and proliferation [206, 207]. PCL is a semi-crystalline 
polymer and widely used for scaffolds fabrication because of its low melting 
temperature (65 ºC) and ease of processing. Scaffold fabrication processes 
such as FDM and electrohydrodynamic hot jet plotting technique[163] require 
high temperature to melt the polymeric material during the fabrication process 
and thus, physical changes of PCL will occur if temperature is not properly 
controlled. As such, solvent-based E-jetting process could overcome this 
problem, and has wide applications to materials that are temperature-sensitive. 
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4.3.4 Fabrication of Meniscal Scaffold using E-Jetting Technique 
The meniscus is a wedge-shaped fibrocartilaginous tissue, consisting mainly 
of circumferentially oriented collagen fibers interspersed with radial fibers 
[35]. One key factor towards successful meniscal tissue engineering is the 
replication of the specific 3D microstructure of the meniscus. This is 
particularly important in the meniscus, where the capability to fulfill the 
specialized functions such as load distribution, shock absorption and stability 
is imparted by its unique shape and internal micro structure. 
Good controllability of the oriented fibers via E-jetting process has been 
demonstrated in Section 3.3.2, with the printing of a “U” pattern, which 
consists of parallel straight and curve fibers and uniform spacing. As reported 
in Section 4.3.1, solid fibers were also achieved, and highly porous 3D 
scaffolds with fine fibers and large pore size were also fabricated successfully 
via the E-jetting technique. It demonstrated the capability of E-jetting 
technique to build a 3D scaffold with complex internal structures for the 
replication of the specific 3D microstructure of meniscus. 
To evaluate the capability of E-jetting system for meniscal scaffold fabrication, 
a 10-layered scaffold with designed fiber orientation was fabricated (Figure 
4-12a). The outer radius was 30 mm, the gap between two circumferential 
fibers was set at 300 μm, and the angle between the adjacent radial fibers was 
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set at 3 ˚. With continuous printing to 10 layers, a porous PCL scaffold with 
oriented fibers was fabricated. The whole fabrication process took 
approximately 10 min.  
As shown from the SEM image (Figure 4-12b), the meniscal scaffold was 
fabricated with circumferential PCL fibers interspersed with radial PCL fibers, 
mimicking the internal microstructure of the normal meniscus (Figure 4-13b). 
The diameter of the fiber was 18.6 ± 2.8 μm, which was comparatively smaller 
than those fabricated using a micro-extrusion system having a fiber diameter 
of 100 μm [166]. Fine fibers have been shown to enhance cell attachment and 
modulate cell signalling pathways, thereby accelerating extracellular matrix 
production [203]. The pore size of the scaffold was 357 ± 37 μm, which was 
the desirable range to provide sufficient blood and nutrient transfer within the 
scaffold [205], though the mechanical strength of the scaffold would be 
compromised. 
Meniscus is a wedge-shaped fibrocartilaginous tissue located in the knee joint 
(Figure 4-13a). As shown in Figure 4-13c, the 3D biomimetic meniscal 
scaffold with PCL fiber orientation was fabricated successfully using E-jetting 
technique at 24 ˚C. The outer radius was 15 mm, the gap between two 
circumferential fibers was set at 300 μm, and the angle between the adjacent 
radial fibers was set at 3 ˚. 300 layers of fibers were printed and the number of 
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circumferential fibers was decreased progressively after every 20 layers being 
printed. The whole fabrication process took approximately 3 h. The E-jetted 
meniscal scaffold mimicked the natural meniscus both in external shape and 
internal microstructure, showing its potential capability for meniscus repair.  
 
Figure 4-12 Meniscal scaffold fabricated via E-jetting technique. (a) Snapshot 
of scaffold. (b) SEM image of meniscal scaffold with oriented fibers 
 




Figure 4-13 (a) Anatomy of meniscus [34]. (b) Schematic diagram of 
microstructure of meniscus. (c) 3D wedge-shaped meniscal scaffold fabricated 
with circumferential and radial fibers using the E-jetting technique. 
4.3.5 Mechanical Properties of the Meniscal Scaffold 
Figure 4-14 shows the typical stress-strain curves of E-jetted scaffolds with 
different fiber orientations. One typical metric for the tensile properties of 
materials is the tensile modulus (E) or slope of linear portion of the 
stress-strain curve. Once stretched beyond the elastic region, the scaffolds may 
experience two primary failure modes: plastic deformation and catastrophic 
failure. Yield strain (εy) and yield stress (σy) are also important metrics for the 
tensile properties of polymeric scaffolds, beyond which plastic deformation of 
scaffolds will occur, and this strain-stress level is known as yield point. An 
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additional mechanical property often reported is the maximum stress prior to 
failure, which is one kind of post-yield measurements. However, post-yield 
measurements are less valuable for soft tissue engineering applications since 
post-yield deformations are not recoverable once unloaded, which is not 
expected for tissue engineering scaffolds. Thus, tensile modulus and yield 
properties of E-jetted scaffolds with different fiber orientations were examined 
in this work. Cubic scaffolds with perpendicular fibers were applied as 
controls. The porosity of the scaffolds used was 88.3 % for cubic scaffold, 
91.8 % for circumferential sample, and 89.7 % for radial sample, respectively. 
Porosity measurement of E-jetted scaffolds was conducted according to the 
method described in Section 4.2.3. E-jetted meniscal scaffolds showed distinct 
different stress-strain curves in circumferential and radial directions (Figure 
4-14). In circumferential direction, the E-jetted meniscal scaffolds were stiffer 
and much more ductile, with greater slope of linear portion, higher yield strain 
(εy) and yield stress (σy). 




Figure 4-14 Typical stress-strain curves of E-jetted scaffolds with different 
fiber orientations 
 
As show in Figure 4-15, the tensile modulus of E-jetted cubic scaffolds was 
8.9 ± 0.4 MPa. The tensile modulus of meniscal scaffold in circumferential 
direction (11.1 ± 0.4 Mpa) was 25 % higher than that of the cubic scaffolds, 
while the modulus of meniscal scaffold in radial direction was only 6.4 ± 0.4 
MPa, which was 28 % lower than that of the cubic scaffolds. Compared with 
the radial samples, the circumferential ones showed an almost doubled 
modulus, demonstrating the highly anisotropic property in terms of tensile 
modulus of E-jetted meniscal scaffold (* p < 0.05). 
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Figure 4-15 Tensile modulus of E-jetted scaffolds with different fiber 
orientations (* p < 0.05) 
As show in Figure 4-16, E-jetted cubic scaffolds yielded at a strain of 9.4 ± 
0.4 % and stress of 0.6 ± 0.04 MPa. E-jetted meniscal scaffolds in 
circumferential direction exhibited a significantly higher yield strain of 12 ± 
0.6 %, which was 47 % greater than that along the radial direction (8.2 ± 
0.6 %), Meanwhile, the yield stress of E-jetted meniscal scaffolds in 
circumferential direction was 0.9 ± 0.1 MPa, which was evidently higher than 
that of the E-jetted meniscal scaffolds in radial direction (0.4 ± 0.03 MP). All 
these suggested that the E-jetted meniscal scaffolds in circumferential 
direction could withstand greater tensile stress, and sustain larger deformation 
before yield. 




Figure 4-16 Yield behavior of E-jetted scaffolds with different fiber 
orientations: (a) yield strain, and (b) yield stress (* p < 0.05) 
Since meniscus is concave on its surface and attaches to the tibial plateau with 
anterior and posterior horns, the axial loads from femur pressed on the 
wedge-shaped surface of meniscus could be transmitted to circumferential 
force and radial reaction force for load bearing and transmission [44, 45], thus 
resulting in extension of meniscus in radial and circumferential directions. 
Given its particular structure with circumferential and radial collagen fibers, 
meniscus presents high anisotropies (different properties in different directions) 
according to the fiber orientations [37]. The numerous bundles of collagen 
fibers are oriented in a circumferential direction and strong in tensile stress, 
preventing radial extrusion of the meniscus and thus, maintaining structural 
integrity of the meniscus during load bearing. As shown in Figure 4-17, the 
tensile modulus of bovine meniscus in circumferential direction is about 6 
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times higher than that measured in the radial direction [103]. Generally, the 
tensile modulus in circumferential direction of different area in meniscus is in 
the range of 50 - 300 MPa, while in the radial direction, it is only 3-70 MPa 
[31, 34, 37-40]. Yield point is another important design criterion of the 
scaffolds for tissue engineering applications. Natural soft tissues (such as 
tendon, muscle, and meniscus) often undergo more than 25 % deformation 
before yielding [208].  
The tensile modulus of E-jetted cubic scaffolds was 8.9 ± 0.4 MPa, which was 
comparable to that of the reported electrospun PCL mats with aligned fibers (8 
MPa) [103], and the E-jetted meniscal scaffolds in circumferential direction 
possessed evident enhanced stiffness with tensile modulus of 11.1 ± 0.4 MPa. 
Although scaffold composed of PCL fibers is less stiff in tensile, it could 
remain elastic over a wider range. Electrospun scaffolds are usually limited to 
1-2 % strain prior to yielding, and electrospun PCL scaffolds was reported to 
present a larger yield strain up to 8 - 10 % [208]. As shown in Figure 4-16a, 
E-jetted cubic scaffolds showed a comparable yield strain of 9.4 ± 0.4 %, 
whereas yield strain of E-jetted meniscal scaffolds in circumferential direction 
presented a significantly greater yield stain of 12 ± 0.6 %, which was much 
closer to that of natural meniscus. Greater yield strain of E-jetted meniscal 
scaffolds in circumferential direction indicated the high capacity of meniscal 
scaffolds to absorb loads and disperse pressures in the loop. 




Figure 4-17 Tensile modulus of bovine meniscus [103] 
Tissue engineering applications with porous scaffolds of most load-bearing 
tissues such as bone, cartilage, meniscus, tendon and muscle, will require 
some level of mechanical functionality and thus, assessment of mechanical 
properties is one of the most common characterizations of scaffolds. The 
mechanical properties are mainly assessed once fabricated. Once fabricated, 
these properties could also be influenced by subsequent degradation and 
surrounding ECM secreted from the cells. If fibers are random or non-aligned, 
the scaffolds exhibit isotropic properties with same mechanical performance in 
all directions, and these properties are reflective of the mechanical properties 
of the scaffolds materials, whereas, if fiber alignment is induced, measured 
mechanical properties of scaffolds are influenced. As reported, the ratio of 
properties in fiber direction of electrospun PCL scaffolds with increasing fiber 
alignment was 10 - 20 fold than that in the transverse direction [209]. It was 
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also reported that when compared with scaffolds with random fibers, scaffolds 
with aligned fibers tested in the fiber direction exhibited a greater increase in 
stress with increasing deformation and yield [210]. 
 
4.4 Summary 
A highly porous (92 3 %) PCL scaffold with continuous oriented fibers and 
large pore size of 450 μm, was fabricated via the E-jetting technique using 70 
% PCL solution. GPC examination showed that there was no significant 
degradation in molecular weight of PCL during the E-jetting process. XRD 
examination on the E-jetted scaffolds showed that PCL was not elongated 
during the E-jetting process, and all the functional groups belonging to PCL 
were detected in the FTIR spectrum. These results demonstrated that there 
were no physicochemical changes to the PCL caused by the E-Jetting process. 
The effects of fiber diameter and pore size on porosity and mechanical 
property were also investigated. The porosity of scaffold increased 
significantly with an increase in the stage speed and pore size. The trend was 
consistent with that calculated from a 3D model. However, the maximum 
porosity achieved from the experiment was only 94.4 %, which was 3.5 % 
percent lower than that of the theoretical results (97.9 %). Generally, the 
tensile modulus decreased significantly with an increase in the stage speed and 
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pore size, and scaffolds with tensile modulus ranging from 5.2 to 15.4 MPa 
was achieved with various fiber diameters and pore sizes. Moreover, a 
wedge-shaped 3D meniscal scaffold was fabricated via the E-jetting system. 
The meniscal scaffold owned particular fibrillar structural orientation, 
consisting of circumferential and radial fine fibers, which was similar to that 
in the normal meniscus. It was shown that this biomimetic meniscal fibrillar 
scaffold owned anisotropic mechanical properties. The tensile modulus of 
E-jetted meniscal scaffolds in circumferential direction was 11.1 ± 0.4 MPa, 
which was almost double that of in radial direction (6.4 ± 0.4 MPa). 
Additionally, the E-jetted meniscal scaffolds in circumferential direction 
exhibited higher yield stress of 0.9 ± 0.1 MPa as well as greater yield strain of 
12 ± 0.6 %, suggesting that the E-jetted meniscal scaffolds owned high 
capacity to absorb loads and disperse pressures in the loop. In conclusion, 
E-jetting technique allows the fabrication of highly porous 3D scaffolds with 
oriented fibers and large pore sizes, and it was the first time to use E-jetting 
technique to fabricate meniscal scaffolds with tailored internal 3D 
microstructure with fine fibers and specified orientations, which can 
potentially solve the problem faced by current scaffolding approaches, and 
provide an alternative method to meniscal tissue regeneration.
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CHAPTER 5  
Hydrolytic Degradation Study of E-Jetted 
Meniscal Scaffold 
 
5.1  Introduction 
Biodegradable materials are selected for the fabrication of tissue-engineered 
scaffolds to eliminate the concerns of long-term biocompatibility and to avoid 
unnecessary secondary surgical operations. The biomaterial should degrade 
under a controlled manner, and its degradation products should not induce any 
acute inflammatory response or toxicity when implanted in vivo [211].  
In this study, biodegradable polycaprolactone (PCL) was used to fabricate 
meniscal scaffolds via an improved E-jetting technique. As described in 
Section 4.3.4, these E-jetted meniscal scaffolds were fabricated with 
circumferential PCL fibers interspersed with radial PCL fibers, mimicking the 
internal microstructure of the normal meniscus. The diameter of the fibers was 
18.6 ± 2.8 μm, which was comparatively smaller than those fabricated using a 
micro-extrusion system having a fiber diameter of 100 μm [166]. The pore 
size of the scaffold was 357 ± 37 μm. For porous scaffolds, degradation 
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behaviour plays an important role in tissue engineering. It was reported that 
the degradation of a porous scaffold could result in changes to the morphology, 
crystallinity, molecular weight and mechanical properties of scaffolds, thereby 
affecting cell growth, cell viability, and host response [212, 213]. Therefore, 
an understanding of how the morphological, physicochemical and mechanical 
properties change during degradation is important in designing a scaffold with 
controlled degradation, and in predicting the degradation behavior of E-jetted 
scaffolds for meniscal tissue engineering applications. 
Polycaprolactone (PCL) is an aliphatic polyester that has been shown to 
undergo degradation, yielding non-toxic by-products that are readily absorbed 
in vivo. PCL is known for its low melting temperature (65 ˚C), good 
elastomeric properties and high elasticity in tissue engineering, especially for 
tissues exposed to extensive mechanical strain such as orthopedic implants [95, 
162, 214] It was reported that the hydrolytic degradation process of PCL is 
slow, especially for those high molecular weight polymers and is estimated to 
take 2 - 3 years to degrade depending on the initial molecular weight [215]. 
Therefore, the accelerated degradation of E-jetted PCL meniscal scaffolds was 
considered in this study. 
The accelerated degradation of PCL aims to achieve similar degradation 
profiles in a shortened period. This could be achieved by various methods via 
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enzymatic degradation, which induces enzymes in the degradation medium to 
accelerate the degradation process [216, 217], free radicals and Zn metal, 
which could catalyze the hydrolysis process [218, 219], thermal degradation 
by elevating the temperature of the medium to increase the degradation rate 
[215], and base-promoted hydrolysis degradation, i.e. aqueous sodium 
hydroxide (NaOH) [220]. 
In this study, hydrolysis degradation using 2 M NaOH will be used to evaluate 
accelerated hydrolytic degradation behaviour and mechanism of E-jetted PCL 
meniscal scaffolds. Changes in the weight, morphology, molecular weight, 
crystallinity and mechanical properties will be examined and analyzed to 
provide an understanding of the degradation process of E-jetted scaffolds for 
further use in tissue engineering. 
 
5.2  Materials and Methods 
5.2.1 Material Preparation 
PCL solution with weight volume ratio (w/v, PCL:acetic acid) of 70 % was 
prepared according to the procedures mentioned in Section 3.2.1.  
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5.2.2 Scaffold Fabrication Process 
20-layered E-jetted PCL meniscal scaffolds with circumferential and radial 
fibers were fabricated following the procedure as described in Section 4.2.2. 
The outer radius of the E-jetted meniscal scaffolds was 30 mm, the gap 
between two circumferential fibers was set at 300 μm, and the angle between 
adjacent radial fibers was set at 1.5 ˚.   
5.2.3 Accelerated Scaffold Degradation 
Sodium hydroxide (2 M NaOH) was used to accelerate the hydrolysis reaction. 
The previously weighed scaffolds were submerged in separate containers with 
10 ml of NaOH. The containers were maintained at 24 ˚C. The samples were 
removed at day 0.5, 1, 2, 4, 7, 11 and 16. At each time interval, three samples 
were removed and rinsed with de-ionized water and vacuum dried at 24 ˚C for 
48 h before analysis. 
5.2.4 Weight Loss Measurement 
All samples at each time interval were weighed with an electronic balance 
with a resolution of 0.1 mg. The weight loss was determined by calculating 
differences in masses at the start of the experiment and at each time point after 
the samples were rinsed with de-ionized water and vacuum-dried at 24 ˚C for 
48 h:  
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                         (5-1) 
where    is the initial mass and    is the final mass of the scaffolds for 
each time point. 
5.2.5 Morphology Characterization 
Fiber diameters of E-jetted meniscal scaffolds at each time point were 
measured using a digital microscope (KEYENCE, VHX), operating at a 
magnification of x450. To quantify the results, 30 fibers of each scaffold were 
measured, and the mean value was calculated. The morphology of E-jetted 
meniscal scaffolds was studied using a scanning electron microscope (SEM, 
JEOL JSM-5500), operating at an accelerating voltage of 15 kV and a current 
of 10 mA. All scaffolds were coated with a thin layer of gold before 
observation.  
5.2.6 Molecular Weight Determination 
The molecular weight of E-jetted meniscal scaffolds was determined by 
high-performance liquid chromatography using a gel permeation 
chromatography apparatus (GPC, Agilent 1100). Meniscal scaffolds at each 
time point were dissolved in tetrahydrofuran (THF) at a concentration of 0.1 
% (1 mg/ml) and filtered through a 0.2 μm inorganic membrane filter prior to 
analyses. Polystyrene standards were used to obtain a calibration curve. 
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5.2.7 Thermal Analysis 
The crystallinity of PCL in E-jetted meniscal scaffolds was determined using a 
differential scanning calorimeter (DSC60, Shimadzu, Japan). Data were 
collected over a range of 20 – 90 ˚C at a heating rate of 10 ˚C/min in ambient 
air. PCL crystallinity was calculated based on the enthalpy of fusion value of 
139.5 J/g for 100% crystalline PCL [221]. 
5.2.8 Mechanical Analysis 
Tensile tests of E-jetted meniscal scaffolds were carried out using a table-top 
tensile tester (Instron 3345, Canton, MA) at a load cell capacity of 100 N. The 
samples were extended to failure at a rate of 1 mm/min. The samples were cut 
from the meniscal scaffolds in a circumferential direction according to the 
sample preparation method described in Chapter 4 (Figure 4-14d). These 
samples were rectangular in shape and had dimensions of 15 mm X 5 mm X 
0.5 mm. The cross-sectional area and gauge length of E-jetted meniscal 
scaffolds were determined by measuring the width and thickness using a 
micrometer. Using the cross-sectional area and gauge length, the tensile 
modulus was calculated from the stress-strain curve. Three replicates were 
measured, and the mean value was calculated.  
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5.2.9 Statistical Analysis 
One way ANOVA test was used to determine any significant differences 
existed between the mean values of the experimental groups. A difference 
between groups was considered to be significant at p < 0.05. Three replicates 
were measured, and the mean value was calculated. 
 
5.3 Results and Discussion 
5.3.1 Weight Loss Measurement 
Weight loss measurements of E-jetted meniscal scaffolds during accelerated 
hydrolytic degradation are shown in Figure 5-1. The average original mass of 
E-jetted meniscal scaffolds was approximately 34.3 ± 3.7 mg. The meniscal 
scaffolds exhibited an overall weight reduction of 24.4 ± 0.8 % over the 
16-day time period. The weight loss of the scaffolds at each time point was 
greater than that of the pervious time point (* p < 0.05). Compared with 
samples without degradation, there was no noticeable change of weight loss of 
the meniscal scaffolds at day 0.5, but significant weight loss of 2.0 ± 0.1 % 
occurred at day 1 (** p < 0.05). The weight loss appeared to have two distinct 
reduction rates over the period. There was an initial slow increase in the 
weight loss of approximately 7.1 ± 1.2 % within 7 days. Thereafter, there was 
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a consistent but faster increase in weight loss of 24.4 ± 0.8 % up to 16 days. 
 
Figure 5-1 Weight loss of E-jetted meniscal scaffolds during accelerated 
degradation. Weight loss of scaffolds at each time point was higher than that of 
the pervious time point (* p < 0.05), and significantly weight loss was 
observed at day 1 as compared to scaffolds without degradation at day 0 (** p 
< 0.05) 
5.3.2 Morphology Characterization 
The morphology changes of the meniscal scaffolds during degradation were 
observed by SEM. Figure 5-2 shows the SEM micrographs of the E-jetted 
meniscal scaffolds at different time points under accelerated hydrolytic 
degradation. Initially, the surface appeared fairly smooth, and no significant 
change was found at day 0.5. After 1 day of degradation, a homogeneous and 
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porous structure on the fiber surface was observed, indicating hydrolytic 
attacks at the amorphous phase. Hydrolysis continued, increasing the average 
pore size, with started cracks, appearing at day 11. The severity of surface 
cracks increased with time, and fibers tended to break off at day 16.  
Figure 5-3 shows the fiber diameters of E-jetted meniscal scaffolds during 
accelerated degradation in a 2 M NaOH solution. The initial fiber diameter of 
the E-jetted meniscal scaffolds was 23 ± 1 μm. Compared with samples 
without degradation at day 0, a significant change in the fiber diameter was 
observed at day 7, with a decrease of 17 % to a fiber diameter of 19 ± 1 μm 
(** p < 0.05). In the first 4 days of degradation, the fiber diameter of E-jetted 
meniscal scaffolds was not significantly reduced (5 %). However, after day 4, 
the fiber diameter decreased significantly at each time point (* p < 0.05). 
Finally, after 16 days of accelerated hydrolytic degradation, a 26 % decrease in 
the fiber diameter of E-jetted meniscal scaffolds (17 ± 1 μm) was observed. 




Figure 5-2 Morphology changes of E-jetted meniscal scaffolds during 
accelerated degradation 
 




Figure 5-3 Change of fiber diameter of E-jetted meniscal scaffolds during 
accelerated degradation 
The hydrolytic degradation of aliphatic polyesters (i.e. PLA, PGA, and PCL) 
has been studied intensively [222]. The degradation generally proceeds via 
two forms of erosion: surface and bulk erosion (Figure 5-4). In surface erosion, 
the polymer matrix degrades from the exterior surface, and the size of the 
device gradually decreases, while the bulk phase remains non-degraded. In 
bulk erosion, degradation occurs equally throughout the entire matrix. The size 
of the device remains unchanged throughout the degradation process until a 
critical point is reached, resulting in the device to collapse [223, 224]. During 
degradation, water penetrates into the polymer matrix and induces chain 
scission. Degradation products with sufficiently low molecular weights (i.e. 
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oligomers, monomer) subsequently diffuse out and dissolve into the 
degradation medium. The degradation products are transported away from the 
polymer sample and thus, erosion occurs. The polymer reaction rate with 
water and the diffusion rate of water penetrating through the polymer matrix 
are the two factors that determine whether a polymer undergoes surface or 
bulk erosion. If the water penetrates at a lower rate than the polymer reaction 
rate with water, the surface layers quickly degrade before water can diffuse. 
Therefore, surface erosion occurs. If the water penetrates at a higher rate 
toward the center of the device, degradation will be consistent throughout the 
matrix (i.e. bulk erosion occurs). 
 
Figure 5-4 Schematic diagram showing surface erosion (top) and bulk erosion 
(bottom) of materials [225] 
The significant weight loss of 2 % and micropore formation on the surface of 
the E-jetted meniscal scaffolds occurred at day 1. It is predicted that the 
E-jetted meniscal scaffolds were attacked by hydroxide ions, resulting in 
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hydrolytic degradation. The weight loss of the E-jetted meniscal scaffolds was 
relatively slow until day 7, during which rougher surfaces with larger pores 
were formed. No evident changes in the fiber diameter of the scaffolds were 
observed until day 7. In other words, the size of the scaffolds did not 
significantly change, indicating that bulk erosion occurred (i.e. water rapidly 
diffused toward the center of E-jetted fibers). After day 7, the weight loss of 
the E-jetted scaffolds rapidly increased. This accelerated weight reduction and 
reduced fiber diameter could be attributed to three main factors during 
hydrolysis. One factor is the appearance of micropores on the fibers, which 
increased the contact surface of the fibers with water and enlarged with time, 
enabling water molecules and hydroxide ions to diffuse deeper into the fiber 
bulk [220]. Another possible factor is the increased generation and release of 
polymer degradation by-products with sufficiently low molecular weights (i.e. 
oligomers and monomer) [219]. The final factor is the appearance of cracks, 
which may lead to the more rapid weight loss of the scaffolds. 
5.3.3 Changes in Molecular Weight 
Figure 5-5 shows the number average molecular weight (Mn) and the weight 
average molecular weight (Mw) of the E-jetted meniscal scaffolds over the 
16-days of degradation in 2 M NaOH. Both the Mn and Mw of the E-jetted 
meniscal scaffolds exhibited similar linear reduction during the accelerated 
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degradation. Before degradation, the Mn of the E-jetted scaffolds was 64 ± 6 
kDa, and it decreased linearly with time to 48 ± 2 kDa after 16 days, with a 
total reduction of approximately 25 %, which was consistent with the reported 
results [221]. Similarly, the Mw of the E-jetted scaffolds decreased from an 
original value of approximately 104 ± 3 kDa to 86 ± 4 kDa after 16 days of 
degradation, corresponding to an approximate 17 % reduction from the initial 
value.  
  
Figure 5-5 Changes of average molecular weight (Mn and Mw) of E-jetted 
meniscal scaffolds during accelerated degradation.  
The molecular weight is an essential property of the material, and changes to 
the molecular weight during degradation could lead to changes in the 
crystallinity and other mechanical properties. However, polymers do not have 
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a unique molecular weight. Rather, a given polymer will have a distribution of 
molecular weights, and different means of calculating the average molecular 
weight can be applied to describe the molecular weight of a polymer. Two 
average values commonly used are Mn and Mw. Mn is the total weight of the 
sample divided by the number of molecules in the sample. Thus, it is the 
average of the molecular masses of individual macromolecules. Mw is 
calculated according to the weight fraction of each molecule, and it is based on 
the fact that a larger molecule contains more of the total mass of the polymer 
sample than smaller molecules. Mw emphasizes heavy molecules more than 
lighter molecules, whereas Mn counts molecules equally. Therefore, Mw is 
greater than Mn in polymer materials.  
5.3.4 Changes in Crystallinity 
Crystallinity is an indication of the amount of crystalline regions in a polymer 
with respect to the amorphous content. The degree of crystallinity influences 
many polymer properties such as hardness, modulus, tensile strength, stiffness 
and melting point [206, 207]. The relationship between crystallinity and the 
accelerated degradation of E-jetted meniscal scaffolds over 16 days was 
investigated by DSC. As shown in Figure 5-6, the initial degree of crystallinity 
of the E-jetted meniscal scaffolds was 62 ± 1.2 %. This degree of crystallinity 
increased gradually to 68 ± 0.4 % after 16 days of accelerated degradation in 2 
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M NaOH.  
 
Figure 5-6 Changes of crystallinity of E-jetted meniscal scaffolds during 
accelerated degradation 
Figure 5-7 shows the schematic diagrams of the hydrolytic degradation 
process of the E-jetted meniscal scaffolds. As a semi-crystalline polymer, PCL 
is composed of amorphous and crystalline regions (Figure 5-7a). Molecular 
chains in the amorphous regions are arranged randomly, whereas in crystalline 
regions, they are highly ordered and formed lamellae structures. Although 
E-jetted meniscal scaffolds fabricated from semi-crystallized PCL are regarded 
as hydrophobic, with a contact angle of approximately 95 ˚ [226], they do 
exhibit certain hydrophilic properties in absorbing water and thus, degrade by 
ester bond cleavage. It is hypothesized that the degradation of the E-jetted 
meniscal scaffolds occurred firstly in the amorphous regions, followed by the 
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detachment of the crystalline phase. Amorphous regions are less impervious to 
water than crystalline regions and thus, water and hydroxide ions from the 
NaOH solution diffuse preferentially into the amorphous regions, leading to 
the initial hydrolysis of the amorphous phase, as shown in Figure 5-7b. 
Oligomers with sufficiently short chain lengths begin to diffuse out from the 
bulk material. The preferential degradation of amorphous regions also leads to 
rough surface with micropores and enlarged surface areas, allowing more 
water and hydroxide ions to diffuse into the bulk and an accelerated release of 
oligomers into the environment. Simultaneously, scission occurs on the tie 
chains that hold the crystalline phases together. Therefore, the structure 
becomes loose, and crystalline fragments appear, resulting in cracks on the 
fibers. 
This degradation kinetics is supported by two distinct areas in the weight loss 
profile. Significant weight loss of the E-jetted meniscal scaffolds was 
observed until day 1, reflecting the requirement that degraded PCL chain 
fragments must be shorter than a critical limiting chain length before diffusing 
from the bulk material. The initial slow weight loss rate is mainly attributed to 
the degradation of amorphous regions, whereas the rapid weight loss observed 
from day 7 corresponds to the occurrence of cracks resulting from the 
detachment of crystalline regions. The preferential hydrolysis of amorphous 
regions over crystalline regions could also be due to the difference in changes 
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in Mn and Mw. During degradation, both the Mn and Mw of E-jetted meniscal 
scaffolds decreased because the hydrolytic scission of polymer chains 
occurred. However, the Mn of the E-jetted meniscal scaffolds decreased 25 % 
over 16-days of degradation, and the Mw presented a lower percentage 
decrease of 17 %. This is because Mn is the average of the molecular masses 
of individual macromolecules, thus it only dependent on number of oligomers 
formed in both amorphous and crystalline regions during degradation. 
However, Mw is calculated according to the weight fraction of each molecule, 
therefore it emphasizes heavy molecules more than light molecules, and 
crystalline phases usually own larger molecule which contains more of the 
total mass of the polymer sample. Compared to the reduction of Mn (25 %), 
the Mw of E-jetted meniscal scaffolds exhibited a lower percentage decrease 
(17 %), indicating that crystalline phases with longer chain lengths were 
unlikely to be targeted. Simultaneously, it was also supported by the increase 
in crystallinity of E-jetted meniscal scaffolds during degradation, attributing to 
the preferential degradation of amorphous regions. 




Figure 5-7 Schematic diagrams of hydrolytic degradation process of E-jetted 
meniscal scaffolds 
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A weight loss profile with an initial slow rate followed by an accelerated rate 
is regarded as bulk erosion. The size of the E-jetted meniscal scaffolds 
remained nearly unchanged after 7-days of degradation. Moreover, the Mn and 
Mw were found to decrease constantly during the entire degradation period, 
indicating that nearly simultaneous degradation occurred on the surface and 
within the bulk of the fibers, which is consistent with the bulk erosion 
mechanism.  
For a given material, degradation behavior is typically affected by its inherent 
properties (i.e. polymer structures, molecular weight, and crystallinity) and 
environmental conditions (i.e. the pH, temperature, and catalytic molecules or 
ions). For porous scaffolds, the degradation process is also affected by the 
scaffold resolution and porosity. It was reported that FDM-fabricated PCL 
scaffolds with filament diameters of 260 - 370 µm and porosities of 48 - 77 % 
experienced accelerated surface degradation pathways at different 
concentrations of NaOH [167, 220]. In this study, trend of E-jetted meniscal 
scaffold properties linked to bulk degradation were likely related to the fact 
that fine E-jetted fibers allowed a greater diffusion of water and hydroxide 
ions to the center of the material (i.e. bulk erosion occurred) because their 
diameters of approximately 20 µm and porosities up to 90 % provided a 
greater surface area to volume ratio. 
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5.3.5 Changes in Mechanical Properties 
Figure 5-8 shows the typical stress-strain curves of E-jetted meniscal scaffolds 
at day 0 and day 16. Distinct differences were shown in profiles over the 
degradation time period. Scaffolds at day 16 exhibited a significant drop in the 
tensile modulus, yield strain and yield stress, suggesting that the scaffolds 
became stiffer and less ductile with degradation time. 
  
Figure 5-8 Typical stress-strain curves of E-jetted meniscal scaffolds at day 0 
and day 16 during accelerated degradation 
Figure 5-9 shows tensile modulus of the E-jetted meniscal scaffolds during 
accelerated degradation in a 2 M NaOH solution. Generally, the tensile 
modulus of an E-jetted scaffold decreased from 11.8 ± 0.5 MPa (day 0) to 3.5 
± 0.4 MPa (day 16) with degradation time. Compared with samples without 
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degradation at day 0, a significant change in the tensile modulus was observed 
up to day 4, with an overall decrease of 20 % (** p < 0.05). After day 4, 
tensile modulus of the E-jetted scaffold decreased significantly at each time 
point compared with that of the previous time point (* p < 0.05). Finally, a 70 % 
decrease in tensile modulus of the E-jetted meniscal scaffold was observed 
after 16-days of accelerated hydrolytic degradation. 
 
Figure 5-9 Changes of tensile modulus of E-jetted meniscal scaffolds during 
accelerated degradation 
Yield properties of E-jetted meniscal scaffolds during accelerated degradation 
are shown in Figure 5-10. Both the yield stress and the strain of E-jetted 
meniscal scaffolds presented a decreasing trend over 16 days of degradation in 
2 M NaOH. Before degradation, the E-jetted meniscal scaffolds yielded a 
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strain of 12.4 ± 0.5 % and a stress of 1.1 ± 0.1 MPa. Significant decrease in 
the yield strain and yield stress was observed at day 4, with reduction of 
approximately 20 % and 30 %, respectively. After 16 days, the yield strain of 
E-jetted meniscal scaffold decreased to 7 ± 0.3 %, with a reduction of 43 % 
compared with that before degradation. The yield stress of E-jetted meniscal 
scaffold was only 0.2 ± 0.05 MPa, corresponding to an 82 % reduction from 
its initial value. These results suggested that the scaffolds became significantly 
less ductile with degradation time. 




Figure 5-10 Changes of yield properties of E-jetted meniscal scaffolds during 
accelerated degradation: (a) yield stress, and (b) yield strain 
Typically, tensile strength is a function of the average molecular weight 
(Figure 5-11). At a low molecular weight, the strength is too low for a polymer 
material to be useful. At a high molecular weight, the strength increases and 
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eventually saturates at    at an inﬁnite molecular weight. The 
strength-molecular weight relation can be approximated by the inverse 
relation: 
       
 
   
       (5-2) 
where A is a constant, and <M> is the average molecular weight of the 
polymer. 
The tensile modulus of the E-jetted meniscal scaffolds also presented a 
roughly inverse relation with the average molecular weight (Mn or Mw) 
during hydrolytic degradation. There was little change in the tensile modulus 
of the E-jetted scaffolds before day 4. This result was in agreement with the 
insignificant reduction in the molecular weight over this period. 
 
Figure 5-11 A typical plot of tensile strength of polymer as a function of 
average molecular weight [227] 
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Yield stress and yield strain are considered to depend closely on the tie 
molecule fraction. Prior studies have shown that there is a linear relationship 
between the tie molecule fraction and the yield stress for isotropic 
polypropylene [228]. Tie molecules play an important role in the load transfer 
between the crystalline lamella during yielding. During hydrolysis, tie 
molecules were initially attacked, resulting in a decreased fraction of tie 
molecules. This was supported by an increasing crystallinity during 
degradation (Figure 5-6). Thus, the yield stress and yield strain of E-jetted 
meniscal scaffolds gradually decreased with time during degradation (Figure 
5-10). 
The meniscus is a wedge-shaped tissue located in the knee joint, where the 
load-bearing environment is complicated due to the complex motions of daily 
exercise. It is critical for artificial meniscal scaffolds to provide enough 
mechanical support and to maintain mechanical properties and structural 
integrity until a sufficient amount of ECM has been secreted. Simultaneously, 
the scaffold should degrade with time to provide sufficient space for cell 
infiltration, nutrient supply and waste removal. Once the scaffold 
accomplishes its mission, it is expected to degrade completely, and all the 
by-products should be absorbed or metabolized by the body [229]. Eventually, 
newly-generated tissue will replace the porous scaffold and fully resume the 
physical and biological functions of the meniscus. As reported, mechanical 
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properties of the scaffold are likely to influence the micro-stress environment 
of cells, thereby influencing cell behaviour during culturing [205].  
 
5.4 Summary 
The accelerated hydrolytic degradation process of E-jetted PCL meniscal 
scaffolds was investigated using 2 M NaOH solution. Changes in the weight, 
morphology, molecular weight, crystallinity and mechanical properties of 
E-jetted meniscal scaffolds were examined, and summarized in Table 5-1. 
During 16-days of accelerated hydrolytic degradation in a 2 M NaOH solution, 
the weight loss of the E-jetted meniscal scaffolds presented two distinct stages: 
the first stage exhibited an initial slow rate of weight loss with approximately 
7.1 ± 1.2 % reduction within 7 days, and the second stage exhibited a rapid 
weight loss of 24.4 ± 0.8 % by day 16. Simultaneously, fiber surfaces became 
rougher with the appearance of micro pores that enlarged with time. Finally, 
cracks were observed at day 16. A significant change in the fiber diameter was 
observed following day 7, with a decrease of 17 %. In the first 4 days of 
degradation, the change in the fiber diameter of the E-jetted meniscal scaffolds 
was rather limited. After day 4, the fiber diameter decreased significantly at 
each time point (*, p < 0.05). Finally, a 26 % decrease in the fiber diameter of 
the E-jetted meniscal scaffolds was observed after 16-days of accelerated 
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hydrolytic degradation. Both the Mn and Mw of the E-jetted meniscal 
scaffolds exhibited similar linear reductions during the accelerated degradation. 
The Mn of the E-jetted meniscal scaffolds decreased linearly with time from 
an original value of approximately 64 to a final value of 48 kDa by day 16, i.e., 
an overall reduction of 25 %. Similarly, the Mw of the E-jetted meniscal 
scaffolds decreased from 104 to 86 kDa, corresponding to a 17 % reduction. 
At the same time, the crystallinity of the E-jetted meniscal scaffolds gradually 
increased from 62 to 68 % after 16 days of accelerated degradation with 2 M 
NaOH. Additionally, the tensile modulus, yield strain and yield stress of the 
E-jetted meniscal scaffolds decreased during degradation, reducing by 70 %, 
43 %, and 82 %, respectively. It was suggested that the E-jetted meniscal 
scaffolds became stiffer and less ductile with degradation time. These 
degradation trends indicated that the E-jetted meniscal scaffolds experienced 
erosion via the bulk degradation pathway for accelerated conditions with 2 M 
NaOH and that the preferential degradation of amorphous regions likely 
proceeded ahead of crystalline regions. Overall, this accelerated hydrolysis 
degradation study provided an understanding of the degradation behavior and 
the properties of E-jetted meniscal scaffolds. This study could be adapted for 
predictions and scaffold designs for in vivo implantation in tissue engineering 
applications 
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Table 5-1 Summary of degradation behavior and the properties of E-jetted 
meniscal scaffolds 2 M NaOH solution 
 
Time (days) 
0 0.5 1 2 4 7 11 16 
Mass Weight Loss 
Slow rate of weight loss 
with approximately 7.1 ± 


























No significant change 
Significant 
decrease up 






Decreased linearly with time 




















decrease  up to 
82 % 
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CHAPTER 6  




In-vitro cell culture on engineered scaffolds is a simple, fast and reproducible 
method of examining the biocompatibility of scaffolds, towards prediction of 
cell-scaffold reaction in-vivo. The biocompatibility of scaffolds in-vitro could 
be evaluated according to cell attachment, morphological changes, 
proliferation and differentiation.  
As presented in Chapter 4, wedge-shaped 3D meniscal scaffolds with tailored 
internal 3D microstructure were fabricated via the E-jetting system. These 
meniscal scaffolds owned particular fibrillar structural orientation, consisting 
of circumferential and radial fine fibers, which was similar to that in the 
normal meniscus. It was shown that these biomimetic meniscal fibrillar 
scaffolds owned anisotropic mechanical properties. We hypothesized that this 
will aid in aligning secreted ECM from cells in an organized manner similar to 
that of the native meniscus, mimicking the aligned collagen bundles 
contributing to high intrinsic tensile properties. 
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In this chapter, in-vitro study of E-jetted meniscal scaffolds using 
mesenchymal stem cells (MSCs) was evaluated, including cell-scaffold 
interaction, cell proliferation, effect of fiber orientation on cells, and 
chondrogenesis analysis. These studies aim to examine if the E-jetted meniscal 
scaffolds could be suitable for meniscus repair.  
 
6.2 Materials and Methods 
6.2.1 Material Preparation 
70 %w/v solution of PCL in acetic acid was used for meniscal scaffolds 
fabrication via the E-jetting system. The solution was prepared according to 
the procedures described in Section 3.2.1. 
6.2.2 Scaffold Fabrication Process 
20-layered E-jetted PCL meniscal scaffolds with circumferential and radial 
fibers were fabricated following the procedure described in Section 4.2.2. The 
outer radius of the meniscal scaffolds was 15 mm, the gap between two 
circumferential fibers was set at 300 μm, and the angle between the adjacent 
radial fibers was set at 1.5 ˚.  
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6.2.3 Mesenchymal Stem Cells (MSCs) Culture and Cell Seeding 
MSCs were isolated through plastic adherence and culture expansion, and 
characterized through immunophenotyping, colony-forming capacity and 
trilineage differentiation into osteoblasts, adipocytes and chondrocytes. 
Single-cell suspensions of fetal bone marrow were prepared by flushing the 
marrow cells out of humeri and femurs using a 22-gauge needle into 
Dulbecco‟s modified Eagle‟s medium (DMEM, Sigma, USA) - GlutaMAX 
(GIBCO, USA) supplemented with 10 % fetal bovine serum (FBS), 50 U/ml 
penicillin, and 50 mg/ml streptomycin (GIBCO, USA) (referred as D10 
medium), and then plated onto 100 mm dishes at 10
6
 mononuclear cells/ml in 
D10 medium. Media is changed every 2 days and non-adherent cells were 




 to sub-confluence. MSCs at passage 3 
were used in this study. 
To enhance the surface hydrophilicity of scaffolds, the meniscal scaffolds were 
immersed in 2 M sodium hydroxide (NaOH) overnight. Thereafter, the 
scaffolds were washed 3 times with PBS, and immersed in 70 % ethanol for 
48 h. After that, the scaffolds were left to air-dry. Sterilization of the E-jetted 
scaffolds and well plates using ultraviolet (UV) light was carried out for 15 
min before cell seeding. Scaffolds were then placed into a low attachment 
24-well plate (Costar, USA), and 50 µl of cell aliquot were seeded at the 
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. Cells seeded on 24-well polystyrene culture 
dishes (1 × 105 cells/cm
2
) were used as control. The cell-seeded scaffolds and 
control were kept at 37 ˚C in an incubator with 5 % carbon dioxide 
atmosphere for 4 h for cell attachment before transferring to a new 24-well 
plate, and 1 ml D10 medium was added. Medium was changed every 2 days 
during the cell culturing.  
For chondrogenesis, the media was replaced with a chondrogenic 
differentiation media, which comprises of DMEM supplemented with 10
-5
 M 
dexamethasone, 0.17 mM ascorbic acid, 1.0 mM sodium pyruvate, 0.35 mM 
L-proline, 1 % insulin-transferrin sodium-selenite (Thermo- Fisher Scientific, 
Singapore), and 0.1 μg/ml transforming growth factor-β3. Chondrogenic 
differentiation media was replaced every 2 days. 
6.2.4 SEM Imaging 
Samples were washed thrice with dulbecco's phosphate buffered saline (DPBS) 
solution and fixed in pre-warmed 3.8 % Glutaraldehyde (Sigma, USA) for 30 
min. Thereafter, samples were washed twice in DPBS and incubated with 1 % 
osmium tetroxide (OsO4) for 20 min, and washed with DPBS five times over 
10 min before being incubated with 1 % carbohydrazide for 20 min. 
Subsequently, the samples were washed with distilled water five times for 15 
min, before incubating with 1 % OsO4 again for 15 min. The samples were 
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washed thrice with distilled water over 15 min and dehydrated through a series 
of ethanol beginning with 30 %, changing to solutions of 50 %, 70 %, 90 %, 
and three times 100 % over 30 min, and left to dry in a critical point dryer for 
18 h. Finally, the samples were gold sputter coated and observed under a 
scanning electron microscope (SEM, JEOL JSM-5600LV), operating at an 
accelerating voltage of 15 kV and current of 10 mA. 
6.2.5 Live/Dead Staining for Cell Viability 
Cell viability was performed at different culture time points of 1, 3, 7 and 10 
days. At each time point, the samples were removed from the well plate, 
washed and stained with calcein and ethidium homodimer-1 (EthD-1) 
(LIVE/DEAD Viability/Cytotoxicity Kit, Invitrogen) to visualize the 
population of live and dead cells, respectively. For cell survival examination, 
DPBS solution with 2 µmol/l of acetomethoxy derivate of calcein and 2 μmol/l 
of ethidium homodimer-1 was used to incubate cells/scaffolds for 1 h. 
Calcein-AM exhibited green fluorescent in live cells, and EthD-1 presented as 
red fluorescent in dead cells. The cells/scaffolds were then observed using a 
confocal laser scanning microscope (CLSM, Olympus FV300). 
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6.2.6  DNA Extraction and Quantification for Cell Proliferation 
Analysis 
Samples were washed and digested in 500 μL solution of 20 μg/mL papain 
extraction reagent at 65 °C in a water bath for 18 h. The measurement of total 
DNA of digested samples was conducted in accordance to the protocol of 
Quant-iTTM PicoGreen® dsDNA reagent and kits (Life Technologies, USA).  
The DNA yield was quantified using a hybrid multi-mode microplate reader 
(SynergyTM H1, BioTek), at an excitation wavelength of 485 nm and an 
emission wavelength of 528nm. 
6.2.7 Immunofluorescence for Cell Orientation Analysis 
Cellular expression and alignment were also assessed by examining the 
cytoskeletal network for any abnormalities. In this assay, samples were 
retrieved and washed with DPBS solution, and fixed in pre-warmed 4 % 
paraformaldehyde for 10 min. The samples were then washed again with 
DPBS and permeabilized for 15 min with 0.1 % Triton X-100. Thereafter, the 
samples were washed with DPBS and blocked with 2 % bovine serum albumin 
for 2 h. Following that, the samples were washed in DPBS and incubated with 
1:500 Rhodamin-conjugated phalloidin, and 1:200 mouse anti-collagen II 
overnight. The samples were then washed with DPBS and stained with 1:200 
Alexaflour 488 Goat anti-mouse IGg (H+L) for 30 min, and counterstained 
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with 1:1000 4‟-6-diamidino-2-phenylindole (DAPI) for 5 min to visualize the 
nucleus. Samples were finally viewed under a confocal laser scanning 
microscope (CLSM, Olympus FV1000). 
6.2.8  Sulfated Glycosaminoglycan (sGAG) Production 
Samples were washed and digested in 500 μL solution of 20 μg/mL papain 
extraction reagent at 65 °C in a water bath for 18 h. The total sGAG 
production was determined using the Blyscan kit (Biocolor, UK). The 
procedures were carried out according to the manufacture‟s protocol. 
Absorbance was measured at 656 nm using a microplate reader (Infinite M200, 
TECAN, USA). After that, total sGAG production was plotted in terms of 
μg/sample as well as normalized to DNA amount. 
6.2.9 Proteoglycan (PG) Production (Aggrecan) 
A solid phase enzyme amplified sensitivity immunoassay (EASIA) (Biosource, 
Belgium) was used for the quantitative measurement of human aggrecan in 
cell culture supernatant. Briefly, samples were diluted 50 times with the 
supplied diluents, and 50 μl of standard, control and diluted samples were 
pipetted onto microwells coated with anti-PG monoclonal antibodies (MAbs 
1). 100 μl of incubation buffer was then added to the wells before being 
incubated for 2 h at 24 ˚C on a horizontal shaker set at 700 ± 100 rpm. After 
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that, wells were washed three times with the supplied wash solution, and 200 
μl of anti-PG horseradish peroxidase (MAb 2 – HRP) conjugate was then 
added to the wells before being incubated for 1 h at 24 ˚C on a horizontal 
shaker set at 700 ± 100 rpm.  The resultant coated MAbs 1-PG-MAb 2-HRP 
microtiter plate was washed thrice to remove unbound enzyme labelled 
antibodies. Bound enzyme-labelled antibodies were measured through a 
chromogenic reaction. 100 μl of chromogenic tetramethylbenzidine solution 
(TMB+H2O2) was added and incubated for 15 min in the dark. The reaction 
was stopped with the addition of 200 μl stop solution (hydrochloric acid: HCl), 
and the microtiter plate was then read for absorbance at 450 nm and 490 nm 
(reference filter: 630 nm) with a microplate reader (Infinite M200, TECAN). 
The amount of substrate turnover was determined colorimetrically by 
measuring the absorbance, which was proportional to the PG concentration. A 
standard curve was plotted and PG concentrations in a sample were 
determined by interpolation from the standard curve.    
6.2.10 Type I and II Collagen Production 
A MicroVue CICP EIA Kit (Quidel, USA) was used to quantitatively 
determine the levels of C-Terminal of type I collagen (CICP) released into the 
media by the cells. 72 h after each media changed, the media of each sample 
was drawn and diluted in the assay buffer with a volume ratio of 1:12, and 
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then added to coated strips of purified murine monoclonal anti-CICP antibody 
and incubated for 120 min at 24 ˚C. Wells were washed twice with the wash 
buffer, and rabbit anti-CICP was then added to each well before being 
incubated for another 45 min at 24 ˚C. Wells were washed 3 times, and the 
lyophilized goat anti-rabbit IgG antibody conjugated to alkaline phosphatase 
was added in and incubated for another 45 min at 24 ˚C. After washing for 
three times, a working substrate of pNPP dissolved in a diethanolamine, and 
magnesium chloride solution was added to each well, and incubated for 30 
min at 24 ˚C. Finally, a solution of 0.5 M NaOH was added to stop the 
reaction, and the optical density at 405 nm was read using the microplate 
reader (Infinite M200, TECAN). The intensity obtained from the samples was 
compared to a calibration curve obtained using known CICP standards to 
determine the concentration of CICP in the samples. CICP values were 
normalized to total cell count.  
A PIIANP ELISA Kit (Millipore, Germany) was used to determine 
quantitatively levels of Type IIA collagen N-propeptide (PIIANP) released 
into the media by the cells. Coated wells containing pre-titered anchor 
antibodies were used. 5 μl of each sample was added in triplicates to coated 
wells, and 25 μl of Biotin-labeled PIIANP was then added to the wells, 
followed by addition of 50 μl of the anti-PIIANP antibody. Subsequently, the 
plate was sealed and incubated for 2 h at 24 ˚C on an orbital shaker set at 400 
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rpm. The content of the microtitre plate was then decanted and washed three 
times with 1X HRP wash buffer, and 100 μl of enzyme solution was added to 
each well and mixed with a plate shaker for 30 min. The enzyme solution 
contained pre-titered streptavidin-horseradish peroxidase conjugate in buffer. 
100 μl of substrate solution was then added and mixed with a plate shaker for 
20 min. The substrate solution contains 3, 3‟, 5, 5‟-tetramethylbenzidine in 
buffer, which could activate the horseradish peroxidase. 100 μl of 0.3 M HCl 
was then added to stop the reaction, and the enzyme activity was measured 
spectrophotometrically with a microplate reader (Infinite M200, TECAN) for 
absorbance at 450 nm referenced to 590 nm. 
6.2.11 Tensile Test of Acellular and Cell-Laden Scaffolds 
Tensile test of acellular and cell-laden scaffolds at week 2, 4, 6 and 8 was 
carried out using a table top tensile tester (Instron 3345), at a load cell capacity 
of 100 N, and samples were extended to failure at a rate of 1 mm/min. 
Samples were in rectangular shape of dimensions 5 by 15 mm. Cross-sectional 
area and guage length of the scaffolds were determined by measuring the 
width and thickness using a micrometer. Using the cross-sectional area and 
gauge length, tensile modulus was calculated from the stress-strain curve. All 
tests were performed on dry samples. 
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6.2.12 Statistical Analysis 
One way ANOVA test was used to determine any significant differences 
existed between the mean values of the experimental groups. A difference 
between groups was considered to be significant at p < 0.05. Three replicates 
were measured, and the mean value was calculated. 
 
6.3 Results and Discussion 
6.3.1 Morphology of MSCs on E-Jetted Meniscal Scaffolds 
MSCs are commonly used for tissue engineering applications due to their 
immune compatibility, ease of isolation, and numerous tissue-specific lineages 
capability [230, 231].  The morphology of MSCs on E-jetted meniscal 
scaffolds was examined using SEM after 1, 3, 7 and 10 days of culturing 
(Figure 6-1). At day 1, only sparse cells (rounded in shape) attached on the 
fibers of the E-jetted meniscal scaffolds.  With prolonged culturing time, 
cells grew and migrated towards the inside of the E-jetted meniscal scaffolds 
at day 3. MSCs attached and spread evenly on the E-jetted fibers at day 7 and 
10, forming a 3D multi-cellular network according to the structure of the 
scaffolds. These observations revealed that E-jetted meniscal scaffolds could 
support and guide cell adhesion and migration inside the scaffolds, to from a 
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tissue-like architecture along the fiber directions. It was also reported by other 
researchers that surface topography of engineered scaffolds was one key factor 
in regulating cell-scaffold interactions, including cell morphology, attachment, 
proliferation and differentiation [232, 233]. 
 
Figure 6-1 SEM images of live/dead staining of MSCs on E-jetted meniscal 
scaffolds at day 1, 3, 7 and 10 
6.3.2 Cell Attachment and Viability 
The viability of MSCs on E-jetted meniscal scaffolds at day 1, 3, 7 and 10 was 
evaluated using live/dead staining (Figure 6-2). Cells proliferated well 
throughout the culturing days, and more live cells (green) were observed and 
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attached on the E-jetted meniscal scaffolds, indicating that the E-jetted 
scaffolds have low cytoxicity. The cell viability was consistent with the results 
of the SEM examination. After 1 day of cell culturing, only few cells attached 
on the E-jetted meniscal scaffolds (green for live cells and red for dead cells). 
Cells grew with culturing time, and more live cells were found on the E-jetted 
meniscal scaffolds at day 3. At day 7, numerous live cells were identified 
around the fibers and distributed evenly throughout the entire E-jetted 
meniscal scaffolds, and only a few dead cells were observed. The cells 
continued to grow and spread to fill the void space at day 10, showing good 
viability and proliferation of cells on the E-jetted meniscal scaffolds.  




Figure 6-2 CLSM images of live/dead staining of MSCs on E-jetted meniscal 
scaffolds at day 1, 3, 7 and 10 (Green: live cells; Red: dead cells) 
6.3.3 Cell Proliferation 
Proliferation of MSCs on tissue culture plates and E-jetted meniscal scaffolds 
was investigated by examining the content of dsDNA after 1, 3, 5, 7, 10, 14 
and 21 days (Figure 6-3). The increase in dsDNA during culturing showed that 
proliferation of MSCs occurred on both the E-jetted meniscal scaffolds and 
control (monolayer culture on tissue culture plates), with evident levels of 
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increase in proliferation throughout the culture period. A 3-fold increase in cell 
proliferation on the E-jetted meniscal scaffolds was observed at day 5 as 
compared to day 1 (* p < 0.05), and significant increase in cells proliferation 
on control was found at day 7 (** p < 0.05). Cell proliferation reached a 
confluence stage by day 14 for both the E-jetted meniscal scaffolds and 
control, and stayed constant without significant changes across till day 21.  
 
Figure 6-3 dsDNA quantification for cells proliferation assay on E-jetted 
meniscal scaffold and control (monolayer culture) (* p < 0.05, ** p < 0.05) 
6.3.4 Cellular Expression and Alignment 
Cellular expression and alignment were evaluated by examining the actin 
cytoskeletal network using confocal laser scanning microscope (CLSM, 
Olympus FV1000). Figure 6-4 shows the expression of actin cytoskeletal in 
MSCs cultured on E-jetted meniscal scaffold and tissue culture plates at day 
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10. It appeared that cells on E-jetted meniscal scaffolds were highly aligned 
along the fibers of the scaffold, and the organization of cytoskeletal network 
was in an orientation manner, with elongated actin filaments along the E-jetted 
circumferential and radial fibers, whereas the distribution of cells and 
organization of cytoskeletal on the tissue culture plates (monolayer culture) 
were random. Results revealed that E-jetted meniscal scaffolds could serve as 
a micro-pattern to guide cells to secrete an organized fibrocartilaginous matrix, 
which is particularly important in the meniscus, where the ability to carry out 
the specialized functions is imparted by its unique shape and anatomy. The 
replication of the specific 3D microstructure of meniscus is one key factor for 
successful meniscal tissue engineering. Scaffolds with oriented fibers which 
mimicking that of native tissue were also reported in other research that could 
give a better regulation of cell distribution and alignment of MSCs or 
chondrocytes when compared with those scaffolds consisting of random fibers 
[23, 234-236], and fibrous scaffold with oriented fibers was also potential for 
tissue engineering such as engineered blood vessel [237], ligament tissue [238] 
and cartilage [239]. 




Figure 6-4 Actin Cytoskeleton Staining of MSCs on E-jetted meniscal scaffold 
and control (monolayer culture) at day 10 (Blue: nucleus; Red: actin 
cytoskeleton) 
6.3.5 Chondrogenesis Evaluation 
For meniscus tissue engineering application, scaffolds should maintain the 
original phenotype as well as support the desired differentiation and 
chondrogenesis of cells. To evaluate the chondogenesis, especially ECM 
production of the E-jetted meniscal scaffolds, production of sGAG, aggrecan, 
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collagen type I and type II were examined during cell culturing.  
sGAG is a major component of ECM in the meniscus. To determine whether 
cells were functional and produced cartilage-like ECM, measurement of 
sGAG content was conducted after 1, 3, 5, 7, 10, 14 and 21 days of cell 
culturing (Figure 6-5) respectively. sGAG production showed an overall 
increase on both E-jetted meniscal scaffolds and control, and significant 
increase was observed at day 10, of which the sGAG content on E-jetted 
meniscal scaffolds was approximately 20-fold (4.6 ± 1.2 μg/ml) of that at day 
1 (0.2 ± 0.3 μg/ml). Compared to the control group, the E-jetted meniscal 
scaffolds promoted sGAG production significantly after day 10, with 
approximately double sGAG content (4.6 ± 1.2 µg/ml) of that on control (2.3 
± 0.4 µg/ml). Although cells on both E-jetted meniscal scaffolds and control 
proliferated well with time during culturing, sGAG production on E-jetted 
scaffolds was much higher than that of control group after 10 days culturing, 
indicating that the E-jetted meniscal scaffolds enhanced ECM production and 
accumulation. Moreover, it implied that the cells could maintain the 
chondrogenic phenotype on E-jetted meniscal scaffolds, thus showing a good 
potential of E-jetted scaffolds for meniscus repair.  




Figure 6-5 sGAG production of cells on E-jetted meniscal scaffolds and 
control group (monolayer culture) (* p < 0.05, ** p < 0.05) 
As the predominant cartilage-specific proteoglycan in meniscus, aggrecan 
plays an important role in enabling the meniscus to absorb water and 
withstanding compression [240, 241]. In addition, it was reported that 
aggrecan plays an important role in mediating chondrocyte-chondrocyte and 
chondrocyte-matrix interaction through its ability to bind hyaluronan [242]. 
Figure 6-6 shows the aggrecan production of cells on E-jetted meniscal 
scaffolds and control group during 21-day culturing. In general, the aggrecan 
production on both E-jetted meniscal scaffolds and control increased with 
culturing time, and significant increase and accumulation of aggrecan was 
found at day 10 and day 14, respectively. After day 14, approximately 3-fold 
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of aggrecan (19.7 ± 2.5 ng/ml) was observed on E-jetted meniscal scaffolds 
when compared with that of control (7.4 ± 2 ng/ml). It indicated that cells 
seeded on tissue culture plate tended to present fibroblast-like phenotypic 
de-differentiation, which led to a proliferative behavior, but limited 
proteoglycan synthesis [243]. 
 
Figure 6-6 Aggrecan production of cells on E-jetted meniscal scaffolds and 
control group (monolayer culture) (* p < 0.05, ** p < 0.05, *** p < 0.05) 
Besides sGAG and aggrecan, collagen is another main component of the ECM 
of meniscus. The major collagen types are collagen type I and type II [244]. 
There is a great regional variation in collagen types. The outer one-third area 
mainly consists of collagen type I with an approximate composition of 80 % 
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by dry weight, while the inner two-third area consists of 60 % type II and 40 % 
type I collagen. 
Synthesis of collagen type I and type II of cells on E-jetted meniscal scaffolds 
and tissue culture plates was conducted at day 1, 3, 5, 7, 10, 14 and 21 of 
culturing. In general, collagen type I was produced and accumulated with time 
on both E-jetted meniscal scaffolds and control group (Figure 6-7). For 
E-jetted meniscal scaffolds, the content of collagen type I reached a maximum 
density at day 14, with a significant increase of 3.7-fold of that at day 1, 
whereas the content of collagen type I continued to rise for monolayer culture 
until day 21. As shown in Figure 6-8, significant increase in collagen type II 
on E-jetted meniscal scaffolds and control was observed at day 10 and day 14, 
respectively. Generally, the amount of collagen type II on E-jetted meniscal 
scaffolds and control showed an overall increase during cell culturing, 
especially on E-jetted meniscal scaffold, where an approximately 30-fold 
increase was observed at day 21.  
Collagen type I is a specific marker of fibrocartilage, its expression is used to 
determine cell de-differentiation and fibrocartilage formation [245], whereas 
collagen type II is used to verify chondrogenesis [246]. The formation of 
collagen type I and II indicated that the cells were functioning normally. In 
addition, the synthesis of collagen type I on E-jetted meniscal scaffolds 
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showed a down regulation after day 14, while collagen type II on E-jetted 
meniscal scaffolds continued to increase rapidly, indicating that the cells were 
unlikely to de-differentiate into fibroblast, and chondrogenesis was directed 
towards the meniscus instead of fibrocartilage phenotype.  
In short, the accumulated sGAG, aggrecan, collagen type I and type II on 
E-jetted meniscal scaffolds during 21 days culturing demonstrated that the 
cells maintained their healthy phenotypes, revealed the support of 
chondrogenic differentiation, and promoted cartilaginous matrix deposition. 
 
Figure 6-7 Type I collagen synthesis from cells on E-jetted meniscal scaffolds 
and control group (monolayer culture) (* p < 0.05, ** p < 0.05) 
 




Figure 6-8 Type II collagen synthesis from cells on E-jetted meniscal scaffolds 
and control group (monolayer culture) (* p < 0.05, ** p < 0.05) 
6.3.6 Mechanical Properties Evaluation of Cell-Laden Scaffolds 
Attributing to the unique function of meniscus in the human body, mechanical 
property is critical for meniscal scaffold. The mechanical properties of 
engineered scaffolds do not only dependent on the material‟s inherent 
properties and design of the architecture of scaffolds, but also the cell-scaffold 
interaction during in-vitro culturing or in-vivo implantation [247]. Figure 6-9 
shows the changes of tensile modulus of the E-jetted meniscal scaffolds during 
8-week cell culturing. Generally, the tensile modulus of the E-jetted meniscal 
scaffolds increased continuously with time. The tensile modulus of scaffolds 
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before cell seeding (week 0) was 11.7 ± 0.6 MPa, and significant increase was 
observed at week 4, with an increase of 16 % to 13.6 ± 0.8 MPa. The tensile 
modulus kept increasing and exhibited a total enhancement of 44 % over the 
8-week time period. The tensile modulus of cell-laden scaffolds at week 4, 6 
and 8 was significantly higher than that of the acellular scaffolds, 
demonstrating that newly-formed matrices from cells contributed significantly 
to the mechanical strength of the scaffolds. The tensile modulus of the 
cell-laden scaffolds at week 8 was 16.9 ± 1.2 MPa, which was comparable to 
that of the human meniscus in the radial direction [34].  
 
Figure 6-9 Tensile modulus of acellular scaffolds (0 week) and cell laden 
scaffolds (2, 4, 6, and 8 weeks; * p < 0.05) 
 




The in-vitro study of E-jetted meniscal scaffold was evaluated using MSCs to 
examine the cell/scaffold interaction and chondrogenesis expressions, and the 
results were summarized in Table 6-1. Morphology characterization showed 
that cells grew and migrated into the E-jetted meniscal scaffolds with culturing 
time, forming a 3D multi-cellular network according to the structure of the 
scaffolds. The cell viability was consistent with the results of the SEM 
morphology examination. Cells proliferated well throughout the culturing days, 
and more live cells were observed and seen attaching to the E-jetted meniscal 
scaffolds, indicating that the E-jetted scaffold has low cytoxicity. Proliferation 
of cells on E-jetted meniscal scaffolds and control groups was investigated by 
dsDNA quantification. Similar increasing growth of cells on both E-jetted 
meniscal scaffolds and control was exhibited, without any significant 
difference. Significant increase of cell proliferation was found on E-jetted 
meniscal scaffolds and control at day 5 and 7, respectively. Cells reached a 
confluence stage by day 14, and stayed constant without significant changes 
till day 21. Further examination of actin cytoskeletal network of cells at day 10 
showed that the organization of cytoskeletal network of cells on E-jetted 
meniscal scaffolds was in an orientation manner, with elongated actin 
filaments along the E-jetted circumferential and radial fibers, whereas the 
distribution of cells and organization of cytoskeletal on tissue culture plate 
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were random. Cells morphology was regulated by the fiber orientation, 
showing preferability to grow along the direction of E-jetted fibers. 
To evaluate the chondrogenesis of cells, production of sGAG, aggrecan, 
collagen type I and type II on E-jetted meniscal scaffolds and control were 
examined during cell culturing. An overall increase in sGAG production on 
E-jetted meniscal scaffolds and control was found, and E-jetted meniscal 
scaffolds promoted sGAG production after day 10, with approximately double 
sGAG content (4.6 ± 1.2 µg/ml) of that on control (2.3 ± 0.4 µg/ml). Similar 
result was found in aggrecan production, and approximately 3-fold of 
aggrecan (19.7 ± 2.5 ng/ml) was observed on E-jetted meniscal scaffolds when 
compared with that of control (7.4 ± 2 ng/ml) at day 14. Collagen type I and 
type II, as the major collagen types in meniscus, were also examined during 
cell culturing. For E-jetted meniscal scaffolds, the content of collagen type I 
reached a maximum density at day 14, whereas the content of collagen type I 
continued to rise for monolayer culture until day 21. Synthesis of collagen 
type II on E-jetted meniscal scaffolds and control showed an overall increase 
during cell culturing, especially on E-jetted meniscal scaffold, where an 
approximately 30-fold increase in collagen type II was observed at day 21. It 
thus revealed that the cells were unlikely to de-differentiate into fibroblast, and 
chondrogenesis was directed towards the meniscus instead of fibrocartilage 
phenotype. In addition, the tensile modulus of cell-laden scaffolds was 
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investigated during 8-week cell culturing. Results showed that the tensile 
modulus kept increasing, and exhibited a total increase of 44 % at week 8 
(16.9 ± 1.2 MPa), which was comparable to that of the human meniscus in the 
radial direction. Taken together, all these results indicated that the E-jetted 
meniscal scaffolds with specified fiber orientations could provide a functional 
structure to guide cell orientation, and facilitate tissue regeneration, showing a 
large potential of enhancing meniscus regeneration. 
Table 6-1 Summary of in-vitro study of E-jetted meniscal scaffold 
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Conclusions and Future Work 
7.1  Contributions 
Limitations of current surgical treatments (i.e. meniscectomies, allografts and 
sutures) for meniscus repair have inspired the scaffold-based tissue 
engineering approaches, which becomes to be the subject of intensive interest, 
and attracts a lot of researchers from academic and industry. One key barrier 
of existing scaffolding technologies for meniscus repair is the inability to 
produce the complex native meniscal internal structure for sustained long-term 
results. Therefore, there is a need to design a system that can accurately 
produce fibrous scaffolds with specified orientations. Thus, an improved 
electrohydrodynamic jet printing (named E-jetting) technique was developed 
in this work; and for the first time, it was employed to precisely direct the 
fabrication of tissue-engineered scaffolds with tailored internal 3-demensional 
(3D) microstructure, replacing the damaged part of meniscus both 
anatomically and functionally. 
 
1) Development and investigation of the improved 3DP E-jetting process 
An improved solvent-based E-jetting process was developed and investigated 
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using polycaprolactone (PCL) dissolved in acetic acid solution. Direct 
deposition and patterning of fine PCL fibers with uniform spacing was 
achieved, demonstrating the significant advantage of this E-jetting process in 
patterning and orienting fibers in a controllable manner. Furthermore, 
comprehensive study and process investigation of key parameters were 
performed, and 3D scaffolds were hereafter successfully fabricated using a 
PCL solution with high concentration of 70 wt. %. The working range for 
stable fiber printing was studied for various nozzle-to-substrate distance (1 - 
10 mm), supplied voltage (1 - 10 kV) and stage speed (10 - 200 mm/s). 
Moreover, the effect of these processing parameters on fiber diameter was also 
investigated, and uniform fibers with diameter of 12 - 122 μm were achieved 
via the adjustment of key processing parameters.  
 
2) Novel biomimetic meniscal scaffold design and 3D fabrication  
A highly porous (92 ± 3 %) PCL scaffold with continuous oriented fibers and 
large pore size of 450 μm, was fabricated and characterized. Gel permeation 
chromatography (GPC), X-ray diffraction (XRD) and fourier transform 
infrared spectroscopy (FTIR) examination were further performed and confirm 
that there were no physicochemical changes to the PCL caused by the 
E-Jetting process. Results showed that PCL scaffolds with porosity of 59 - 94 % 
and tensile modulus of 5.2 - 15.4 MPa could be achieved with various fiber 
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diameter and pore size, and the porosity of scaffold increased significantly 
with an increase in the stage speed and pore size, whereas the tensile modulus 
decreased significantly, indicating that this balance between porosity and 
mechanical properties often presents a trade-off. A denser scaffold could 
usually provide better mechanical functions, while a more porous scaffold 
could give porous channels for cell migration and nutrition.   
Subsequently, a wedge-shaped 3D meniscal scaffold was fabricated via the 
E-jetting system. This meniscal scaffold, with fiber diameter of 18.6 ± 2.8 μm 
and pore size of 357 ± 37 μm, owned particular fibrillar structural orientation 
with circumferential and radial fine fibers, mimicking the internal 
microstructure of normal meniscus. It was shown that this biomimetic 
meniscal fibrillar scaffold exhibited anisotropic mechanical properties in terms 
of tensile and yield properties. E-jetted meniscal scaffolds in circumferential 
direction presented an almost double tensile modulus (11.1 ± 0.4 MPa) when 
compared with that in radial direction (6.4 ± 0.4 MPa). Additionally, the 
E-jetted meniscal scaffolds in circumferential direction exhibited higher yield 
stress of 0.9 ± 0.1 MPa as well as greater yield strain of 12 ± 0.6 %. All these 
results suggested that the E-jetted meniscal scaffolds owned high capacity to 
absorb loads and disperse pressures in the loop, which was better suited for the 
tissue engineering application of meniscus in the complex loading 
environment.  
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3) Study of the degradation behaviuor and mechanism of E-jetted meniscal 
scaffold with accelerated degradation system 
In addition, degradation behaviour of the E-jetted meniscal scaffold was 
investigated using accelerated hydrolysis degradation system with 2 M sodium 
hydroxide (NaOH) solution, providing an understanding of the degradation 
process of E-jetted scaffolds. Changes in the weight, fiber diameter and 
morphology exhibited that there were two distinct degradation stages. The first 
stage displayed a slow rate of weight loss (approximately 7.1 ± 1.2 %) within 
7 days, appearance of uniform and enlarged micro-pores with no significant 
change in the fiber diameter. The second stage exhibited a rapid weight loss 
(24.4 ± 0.8 %) by day 16, formation of cracks and significant decrease in fiber 
diameter (26 %). Physicochemical examination showed that the average 
molecular weight (Mn and Mw) of E-jetted meniscal scaffolds presented linear 
reductions. Conversely, the crystallinity increased gradually during 
degradation. Additionally, the E-jetted meniscal scaffolds became stiffer and 
less ductile during degradation, with the reduction in tensile modulus, yield 
strain and yield stress of E-jetted meniscal scaffolds of 70, 43, and 82 %, 
respectively. These changes and degradation kinetics analysis indicated that 
the E-jetted meniscal scaffolds experienced erosion via the bulk degradation 
pathway for accelerated condition with 2 M NaOH, and that the preferential 
degradation of amorphous regions was likely proceeded ahead of the 
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crystalline regions.  
 
4) In-vitro cell study of the E-jetted meniscal scaffold 
Finally, an in-vitro study of the E-jetted meniscal scaffold was evaluated to 
examine the cell/scaffold interaction and chondrogenesis expression. It was 
observed that cells grew and migrated into the E-jetted meniscal scaffolds with 
culturing time, and there were numerous live cells attaching and spreading on 
the E-jetted fibers, showing good viability of cells during culturing. 
Significant increase of cell proliferation was found on the E-jetted meniscal 
scaffolds and control at day 5 and 7, respectively. Cells reached a confluence 
stage by day 14. In addition, cytoskeletal network of cells on the E-jetted 
meniscal scaffolds at day 10 exhibited an orientation manner, with elongated 
actin filaments along the E-jetted circumferential and radial fibers, indicating 
that cell morphology was regulated by the fiber orientation. Subsequently, 
chondrogenesis of cells on the E-jetted meniscal scaffolds was evaluated. 
Significant production and accumulation of sulfated glycosaminoglycan 
(sGAG), aggrecan, collagen type I and type II was found within 14 days, and 
E-jetted scaffolds promoted sGAG, aggrecan and collagen type II production 
significantly, but limited collagen type I synthesis after day 14 when compared 
with control, revealing that the cells could maintain their chondrogenic 
phenotype on the E-jetted meniscal scaffolds, and directed the chondrogenesis 
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to the meniscus instead of fibrocartilage phenotype. Furthermore, the 
newly-formed extracellular matrix (ECM) contributed to time-dependent 
increase in the mechanical properties of the construct, and the tensile modulus 
of cell-laden scaffolds at week 8 was 16.9 ± 1.2 MPa, which was comparable 
to that of human meniscus in the radial direction. In short, all these biological 
results revealed that the E-jetted meniscal scaffolds could provide a functional 
structure to guide cell orientation, and facilitate tissue regeneration for 
meniscus repair.  
 
7.2 Future Work 
Based on the work conducted and the results of this research, there are several 
aspects of future work recommended as follows. 
1) PCL is a highly crystalline and hydrophobic polymer with low 
degradability, considerably limiting its potential in tissue engineering 
applications. PCL has the potential to provide sufficient mechanical 
support for cell attachment, differentiation, proliferation and new tissue 
regeneration. However, the bioactivity and compatibility of PCL does not 
meet the strict standards of natural collagen fibers in the meniscus due to 
its high hydrophobicity. The contact angle of the PCL surface is over 100 ˚, 
which prevents the attachment of cells cultured in vitro or in vivo. To 
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address this issue, the functionalization of PCL scaffold, for example, with 
plasma treatment or collagen grafting, should be carried out to enhance its 
cell attachment properties.  
2) Another possible route for future work could be the simultaneous printing 
of collagen and PCL fibers, which would allow for the creation of a 
composite scaffold with both high mechanical strength and desired 
bioactivity. Superior mechanical properties and the relatively easy 
fabrication process are the main advantages of using synthetic polymers 
for tissue engineering applications, while natural materials provide good 
bioactivity, which can improve cell adhesion. Composites of natural and 
synthetic polymers benefit from the wide range of physicochemical 
properties and processing techniques. Prior research on composite films 
comprised of non-cross-linked collagen and PCL have observed higher 
numbers of adherent human osteoblasts in cell culture compared with 
those on pure PCL films. However, collagen is extremely sensitive to the 
type of fabrication process and the environment because the de-naturing 
temperature of collagen is only 33 ˚C. The apparatus could be further 
improved for wider applications of various bioactive materials and growth 
factors such as collagen, chitosan and protein, and even cell printing for 
biofactors-immobilized 3D scaffolds fabrication in a single process for 
meniscus repair. 
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Characterization of E-jetted scaffolds in terms of morphology, structure, 
physiochemical and mechanical properties, degradation behaviour and in-vitro 
performance has been investigated in this work, demonstrating that E-jetting 
technique is an alternative tissue engineering approach for enhanced meniscus 
repair, and this technique could also be further extended to fabricate other 
fibrous tissues in the human body such as cartilage, tendon, muscle and 
ligament. However, these studies are not enough to determine the exact role of 
E-jetted scaffold for human meniscus repair. Living organisms are extremely 
complex functional systems and the scaffold must interact with the 
complicated body environment. In-vivo study conducted with living organisms 
in their normal intact state including animal testing and clinical trials should 
be attempted for observing the overall effects of the E-jetted meniscal scaffold 
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